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Foreword

Although the main topics chosen for presentation and discussion at this
symposium were motion sickness and central vestibular mechanisms, the scope
was broadened, as on previous occasions, by extending invitations to heads of
NASA laboratories and to principal investigators of NASA-sponsored projects
to report on any progress in related areas.

Sessions I through IV were designed to review the historical aspects, etiology,
symptomatology, and treatment of motion sickness. But at the end of these
sessions, despite many excellent presentations and much discussion, there was
no escape from the conclusion that our limited knowledge of motion sickness
represents a highly unsatisfactory state of affairs. Tt soon became evident that the
use of the term “motion sickness” was not always restricted to its literal meaning
and that even when it was, there were differences of opinion, either with regard
to its definition or with regard to the criteria used in making a diagnosis. The
effects of these differences became even more evident when the discussion cen-
tered on etiology, symptomatology, and the central mechanisms underlying motion
sickness and its abolition through adaptation.

The situation we face is that there are too few facts known about motion
sickness and that those available have not been structured conceptually. More-
over, we need to identify the precise role motion sickness plays in the total symp-
tomatology evoked by exposure to unusual force environments, and to differentiate
between these and other circumstances not involving “motion” but evoking similar
symptoms.

It is pertinent to inquire why the challenge presented by such a frequently
occurring fascinating constellation of symptoms has received so little attention.
Some of the answers are probably contained in the following statements:

(1) Scientific studies must to a large extent be conducted under controlled
laboratory conditions, and such studies are costly in terms of subjects, facilities,
equipment, and the time required to carry them out.

(2) Motion sickness is a reversible illness which annoys but does not worry
mankind and consequently holds little interest for the clinician whose services
are not needed either to make the diagnosis or to prescribe treatment. But the
clinical scientist should note the analogy between motion sickness and psycho-
somatic disorders involving the visceral nervous system. For example, the experi-
menter, through selection of subject and manipulation of vestibular input, can
create conditions for studying influences of a psychological nature on physical
symptoms.

{3) The study of motion sickness has held little interest for the physiologist or
psychologist, partly because of the “cost” mentioned above but mostly because
it is a problem in the area of operational or environmental medicine.

To regard motion sickness solely in this light is to ignore both its intrinsic
theoretical interest and its relatedness to continuing areas of psychological and
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physiological concern. The techniques which are currently used to study motion
sickness in the laboratory offer an excellent means of investigating the central
mechanisms of adaptation involved in accommeodating to an “atypical’ environ-
ment and subsequently reaccommodating to the ‘“‘typical” environment once
the atypical conditions have been removed. Moreover, the very large yet rela-
tively consistent variability that is observed among individuals in the extent to
which they are susceptible to motion sickness suggests the existence of some
stable and enduring characteristic of the individual. Thus, these individual
differences are likely to be of considerable interest to those investigators con-
cerned with identifying the important parameters of psychophysiological variation.

The subsequent presentations by anatomists and electrophysiologists were
outstanding and exemplified the widening growth of interest in vestibular mech-
anisms and the high degree of specialization required to obtain the information
which one day will allow conceptualization of the roles of the semicircular canals
and the otolith apparatus. At the moment, the anatomists seem to face fewer
obstacles than the physiologists in that all of the powerful tools of the former
can be brought to bear in revealing fine structural differences among receptor
cells and properties of specialized synapses and by tracing pathways in the central
nervous system and depicting communication channels and topographical arrange-
ments. Their important accomplishments edge ever closer to “function,” and
some of their findings are of great significance for physiology.

In contrast to the anatomist, who can apply his techniques as well to the vestib-
ular as to any other system, the electrophysiologist works under severe con-
straints in dealing with the vestibular system, especially when comparison is
made with research on vision and hearing. His problem does not lie in recording
electrical “responses’ in the central nervous system but rather in presenting a
normal stimulus to the end organ. Angular and rectilinear accelerations cannot
be manipulated as can light and sound. Moreover, the employment of “releasing
stimuli” evoking innate patterned responses, which accounts for recent major
advances in our understanding of auditory and especially visual mechanisms,
has scarcely been used in vestibular neurophysiology.

Difficulties with stimulation is only the beginning. The electrophysiologist
has yet to distinguish sharply between canalicular and otolithic inputs which
perforce must produce different effects. The physiologic inertial accelerative
stimulus to the canals is gravity independent as is its resting discharge. The
otolithic receptors, in addition to whatever gravity independent resting discharge
might be exhibited in weightlessness, are never without the stimulus of gravity
when properly positioned in the gravitational field. This stimulus pattern changes
with changing position of the head and is complicated by whatever inertial accelera-
tion transients are generated in the act of moving.

The electrophysiologists are the first to point out that, in stimulating
electrically a vestibular branch or the whole vestibular nerve, the sensory input
is preternaturally “strong” and always abnormal in its temporal and spatial pat-
terning. It is important to recognize that in the intact organism, not only is a
right-left imbalance a cause for ‘“disturbance” in the vestibular system, but even
an acceleration, normal in all respects save its patterning, usually causes a dis-
turbance. This extreme sensitivity to abnormal patterning of inputs may well
result from the fact that of all sensory nuclei, the vestibular, perhaps to the greatest
extent, combine the functions of analysis and integration. The disturbances
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caused by abnormal stimulation are manifesied by many indicators which suggest
that vestibular influences may reach cell assemblies never stimulated under
natural circumstances. Until normal stimuli are applied, the physiologist will
be studying not only the physiological pathways but also the polysynaptic “dis-
turbance pathways” of the central nervous system. These constraints are pointed
out only to demonstrate the great diffiiculty in conducting electrophysiological
studies and to underscore the need for additional support in the long task ahead.

Recent progress, as indicated by the elegant studies reported in this sym-
posium, emphasize the importance of the triadic interrelations of vestibular nuclei,
cerebellum, and reticular formation together with their direct and indirect
reciprocal connections with the brainstem, cord, and cerebral cortex.

ASHTON GRAYBIEL
Naval Aerospace Medical Institute
Naval Aerospace Medical Center
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Welcome

WarLToN L. JONES
Office of Advanced Research and Technology, NASA

For the National Aeronautics and Space
Administration, I should like to welcome you
once again to Pensacola and to the Fourth
Symposium on the Role of the Vestibular Organs
in Space Exploration. For some of you, this
represents our fourth occasion to gather together
to discuss our research findings; for others, this
is the first meeting. [ trust, however, that all
of you will find the present meeting as productive
and rewarding as those of the past.

1 should like also to note the international
flavor of our present conference. This year, we
have representatives from many countries. It
is agreed that the exchange of the latest research
data among investigators such as these is having
a stimulating effect on research in the field of
vestibular physiology and, at the same time, is
providing needed information for the space
program.

As director of NASA’s Biotechnology and
Human Research Division, I have an opportunity
to review NASA support of various research
programs. From this vantage point, it has
become clear to me that the United States is
entering a new age of science and technology
and that a substantial impetus for our entry
into this new age is coming as a result of NASA
research programs. From our examination of
many of our specific research efforts, whether
conducted at NASA centers, universities,
Government laboratories, or contractor facil-
ities, I have come to identify certain trends and
characteristics which appear to be largely re-
sponsible for our rapid strides into this new era
of technology. Obviously, in reviewing any
research program, we give a heavy weighting
to the extent to which the proposed effort

fits in with and will contribute to these trends
of the times.

1 should like to take a few moments this morn-
ing to review some of the trends of the present-day
research and to examine this symposium in the
light of these trends. The first concerns the
increasing use of the multidiscipline approach
to problems in science. NASA is quite con-
vinced that most of the problems facing the
agency and the world today are so complex
that they will yield only to research-and-develop-
ment efforts that transcend individual scien-
tific disciplines. For this reason, a substantial
part of the funding for the NASA University
Program is in the form of grants to the university
rather than to specific departments, and it is
intended to encourage broad integrated attacks
on problem areas by the university as a whole. 1
am pleased that this policy is quite in keeping
with the structure of this symposium which, in
addition to having representatives of many of
the nations of the free world, also has in attend-
ance investigators representing a number
of the traditional disciplines. 1 see physicians,
physiologists, engineers, phys-
icists, and others, all working toward the common
goal of understanding the human vestibular
system.

A second trend I should like to note concerns
the increasing application by research scientists
of space technology to basic scientific investiga-
tions. An example is a miniature blood-pressure
sensor, less than 0.05 inch in diameter. Tt is
small enough to be inserted through a hypodermic
needle, and it is now being used to obtain pres
sure measurements inside the arteries and the
heart without disturbing the flow of blood. In

psychologists,
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this case, the sensor is based on transducers
originally designed to measure pressures on
flicht models in NASA wind-tunnel tests.

Another significant point concerning the re-
search of today, and one of which I am sure you
all are aware, has to do with the use of high-speed
digital computers as an integral tool within the
research effort. These computers, so critical in
the control and monitoring of space flights, now
are being put to use in real-time analyses of physi-
ological experiments. The increased utilization of
computers for the immediate reduction of data
is due in part to the recent development of time-
sharing systems which allow a single computer
to service several users simultaneously through
telephone quality-data lines. The first time-
sharing computer system was placed into opera-
tion early in the 1960’s.  Since then, a number of
commercial organizations have begun to offer this
service, including the provision of operating soft-
ware. These systems, which are expanding at
an incredible rate, allow any investigator to have
what is almost an on-line computer capability
with a rapid readout concerning the results of
his investigation. The excellent computer facility
at the Naval Aerospace Medical Institute pro-
vides on-line capability to research studies con-
ducted here. The use of on-line services such
as this, plus the expanding availability of time-
sharing systems, should greatly increase the
pace of progress in the physiological sciences in
years to come,

Now I should like to turn to what I consider to
be one of the most significant characteristics of
modern research: the use of the systems-
engineering approach. The systems-engineering
approach, so important in the development of
major aerospace equipment, now is being used
in the study of physiological processes. One
important phase in this approach involves the
development of analytic models of system fune-

tions. These models, which in the case of
dynamic systems draw heavily on control-
engineering techniques, attempt to describe

the interrelationships among the many com-
ponents of a system and to predict the response
of the system to any combination of stimulus
forces. To quote a recent report of the Space
Science Board of the National Academy of

Sciences, one that deals with physiology in the
space environment:

Systems analysis, based on modeling of a system with
known data on known factors, can provide significant exten-
sions of our understanding. Moreover, this can be accom-
plished at remarkably less cost in time, effort, and resources
than by any other method now available to us.

A word or two is in order, however, concerning
both the hazards and the benefits of such efforts.
First, it must be realized that the mathematical
modeler deals essentially with input-output
relationships. In describing these relationships,
particularly when he is developing a model of
some human physiological or behavioral system,
the modeler draws largely upon the concepts of
servomechanics or control engineering as
explanatory devices for dealing with the adaptive
character of these human systems. However,
even if the model, once developed, is capable of
describing perfectly the response of the system
to any combination of stimulus forces, it does
not mean that we understand the system from
the biologist’s point of view:

It is obvious that the basic structure of the
human does not consist of a large number of
integrators, differentiators, and servomotors—
at least not in the sense in which the mathema-
tician uses these terms. These terms simply
are useful in describing the functional char-
acteristics of biological systems. The biologist
will want to examine the precise structure of
these systems, frequently at the subcellular
level, so that he can understand the manner in
which such phenomena as learning and adapta-
tion take place — phenomena which, incidentally,
are not easily handled by the systems-engineer-
ing and mathematical-modeling techniques
of today. The development of these models,
however, can be of great value, since they offer
an organized theoretical structure which is
amenable to empirical testing and since they
suggest reasonable explanations concerning
the operation of component structures within
the system. Thus, modeling should serve both
as an incentive to research and as a framework
for the integration of the results of different
investigations.

There is one final feature of some of our
current research which I feel is worthy of com-
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ment. In this case, I would draw your attention
to the unique opportunities for research which
are presented with the advent of the space age.
1 believe it is incumbent on each investigator
to recognize these opportunities and to exploit
them as appropriate within the framework of
his particular area of interest. As an example
of these unique opportunities, consider the
subject of our symposium today—‘The Role
of the Vestibular Organs in Space Exploration.”
Gravity exercises such a profound influence on
the functioning of human postural mechanisms
that many problems in basic vestibular physiology
can be studied more effectively under weightless-
ness than in a normal gravitational field. One
of the dividends of space flight will be the
opportunity to carry out such experiments that
are impossible on Earth.

It is obviously both difficult and expensive to
program an experiment to be conducted during
the course of a space flicht. However, the
information gained through such experiments

can be so dramatic and so important that 1
should not like to see any of us lose sight of
these opportunities.

In conclusion, I believe there are a number of
identifiable characteristics of what might be
termed the mainstream of modern research pro-
grams. These programs draw on the talents of
many disciplines and mount a broad attack on a
given problem area. They exploit recent ad-
vances in technology and typically rely on high-
speed computer analyses for data processing.
They make good use of the techniques of systems
analysis and are sensitive to the opportunities to
conduct research in unique environmental set-
tings. It seems to me that the current research
in vestibular physiology, as exemplified by the
totality of papers presented at these meetings,
can be considered mainstream research in every
respect.
Aeronautics and Space Administration has played
some part in the support of this program.

I am quite pleased that the National
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Experimental Studies of the Eliciting Mechanism of Motion
Sickness

ARNE SJOBERG
University of Uppsala, Sweden

SUMMARY

After an analysis of ship movements and calculation of the maximal acceleration values for a
normal-sized passenger vessel on high seas, it is concluded that angular acceleration is unimportant
in the elicitation of seasickness. The vertical up-and-down motions of a ship are the most important,
and experimental motion sickness can easily be provoked in human beings and dogs exposed to vertical
movements in rapid elevators or hoisting cranes. Deaf-mutes with reactionless labyrinths and dogs
after labyrinthectomy have no symptoms of motion sickness after exposure to these rapid elevator
movements.

On board a ship on a heavy sea, eye movements similar to nystagmus have been recorded by
electronystagmography (ENG). Simultaneously, on the same direct-writing paper, the pitching and
rolling motions of the ship have also been recorded with accelerometers.

Optical and proprioceptive impulses are not necessary for the appearance of symptoms of motion
sickness. It is known from experience, however, that these impulses together facilitate and promote
the appearance of the symptoms. The optical impulses facilitate the symptoms to a greater extent
than do the proprioceptive ones.

Results of hydromechanical studies and experiments on labyrinth models and temporal bones
have shown that, when a person is exposed to linearly accelerated horizontal and vertical movements
or to the movements of a ship on a heavy sea, pressure variations with accompanying displacements
and flows in both the perilymph and the endolymph must occur at every point in the contents of the
labyrinth. These pressure variations affect both labyrinths at the same time, but the momentary pres-
sure in the corresponding points of the two labyrinths will seldom be exactly the same during these
varying motions. It seems very probable that these pressure variations in the fluids of the labyrinth
are of such a magnitude that the transmitted excitatory effect will create manifest symptoms of motion
sickness.

It thus seems justifiable to assume that the symptom complex of motion sickness arises from the
two receptor systems of the labyrinth: the otoliths and the ampullar cristae.

The intermittent headache and some of the psychic symptoms accompanying motion sickness may
be largely due to the intracranial pressure variations caused by the linear acceleration movements.

The results of some new hydromechanical experiments in the absence of gravity can be applied
to the problems concerning weightlessness in prolonged space flights. The unfavorable vestibular
reactions of the motion-sickness type after sharp movements of the head in Russian cosmonauts may
probably have been due to the fact that, in the absence of gravity, as soon as a sudden horizontal ac-
celeration takes place, the fluids of the labyrinth will be forced “outward™ or flung toward the mem-
branous and osseous walls of the labyrinth. The liquid in a vessel is forced toward the side away from
the direction of the acceleration. The result will be a very rapid adequate excitation of the ‘‘deaffer-
ented” weightless receptor systems. These unexpected afferent impulses will suddenly produce
symptoms of vertigo, motion sickness, and perhaps sensory illusions.

The hydromechanical hypotheses and experimental results may also plausibly explain the spatial
illusion in weightlessness of the body being in an upside-down position.
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INTRODUCTION

When I began my research 40 years ago on the
fascinating problem of the mechanism eliciting
seasickness, T hardly anticipated that this sub-
ject would be of such great topical interest in
the world of today, in the space age with its
studies of vestibular problems in manned space
flights of long duration. It is of primary impor-
tance at the present time to prevent vestibular
disturbances in weightlessness and perhaps to
solve problems concerning artificial gravity.
Because of the increase in sea and air travel
by both civilian and military, the production of
effective anti-motion-sickness drugs is equally
important.

For centuries, intensive studies have been
made of the symptom complex which has been
generally called seasickness, better known
today as motion sickness, vestibular sickness,
or space sickness. It was at the end of the 19th
century that motion sickness was first seriously
related to the inner ear, and at an early date its
resemblances to Méniére’s disease were pointed
out. Important support for this view was
obtained by the observation that deaf-mutes
seldom or never became seasick (refs. 1 to 3).
In 1901, Butler Savory (ref. 4) considered that
seasickness was provoked reflectively from the
semicircular canals, and Corning in 1904 (ref. 5)
pointed out the similarity between rotatory
vertigo and seasickness. In 1903, Kreidl suc-
ceeded in inducing seasickness experimentally
in animals subjected to artificial ship movements.
Remarkably enough he does not seem to have
published his results, but he is said to have
shown “qu’aprés section bilaterale du nerf
auditif, les animaux sont insensibles aux mouve-
ments artificiels”” (ref. 6). Barany (ref. 7), Bruns
(ref. 8), Byrne (ref. 9), and many others con-
sidered that it was the angular accelerations
which provoked the symptoms and they therefore
tested subjects in rotating chair experiments.
It was Wojatschek (ref. 10) and Quix (ref. 6) who
first suggested that it was probably the otoliths
and not the semicircular canals which were
stimulated by ship movements. In spite of
intensive studies, however, no unequivocal
explanation was given for the way in which the

excitatory process was primarily induced in
the labyrinth.

My original aim was to study seasickness
experimentally on dogs subjected to artificial
ship movements.

ANALYSIS OF SHIP MOVEMENTS

Since ship movements on rough seas are
extremely complex mathematically, an analysis
of them was considered necessary (fig. 1). Three
principal types of oscillations are involved:

(1) Plunging—a purely vertical motion;

(2) Pitching—a motion around the transverse
axis of the ship: and

(3) Rolling—a motion around the longitudinal
axis of the ship.

Motions around the vertical axis of the ship—
yawing—are due only to unsteady steering of
the ship and probably have no actual influence
on the induction of motion sickness.

Added to these is a continuous motion forward.
The accelerations can vary here in either a
positive or a negative direction, according to
the size of the ship in relation to the dimensions
of the waves.

In figure 1 we see that, from a mechanical
point of view, a passenger undergoes the same

—— __-—-—-'—'" -
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F1GURE 1. —Three types of oscillations of a ship’s movements
on rough seas.
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movements on pitching and rolling. It may be
said that these two movements are composed of
a harmonic oscillatory motion and a rotatory
motion.

Figure 2 corresponds to the longitudinal
section of a vessel with regard to pitching and
to the transverse section on rolling. It is imagined
that the passenger (P) is placed at a supposed
point 4 on the vessel. Both on pitch and on
roll, P describes, with point 4 as the median
position, a to-and-fro movement from C to B.
If the angle is small enough (especially if the
radius, as on a ship, is large), then the path of
point P can be regarded as a straight line, and
the projections of P on the vertical and horizontal
planes, respectively, then describe approxi-
mately harmonic pendulous motions in the paths
C, and B, and C. and B., with points P, and P.,
respectively, as median positions.

If the passenger is located right in the front
of the prow of the ship, then on pitching and
also on plunging of the ship he is subjected mainly
to a vertical harmonic pendulous motion. If,

C, D|' B, Horizontal plane
I
I
|
Bz L B
p!
Pyb——-+-
A
Cy c
o
b1 0
o
Q
©
L
§
>

a = Estimated angle of roll resp. pitching

P .. Passenger
0O  Axis of rotation
(Transverse resp. longitud axis of the vessel)

The passenger P is placed
The figure represents

FIGURE 2.—Section of a vessel.
at an imaginary point A on the vessel.
both pitch and roll.

on pitching, P is at the mast top or on the naviga-
tion bridge, he describes instead a harmonic
pendulous motion in the horizontal plane, but
now forward and backward. - On rolling he de-
scribes instead a harmonic pendulous motion
from side to side in the horizontal plane.

If our passenger changes his location on the
ship, then naturally the amplitude of the harmonic
pendulous motion on pitch and roll varies. The
amplitude becomes progressively smaller as he
comes closer to the axis of rotation O, and pro-
gressively greater the further his distance from
O (fig. 2). It is a well-known fact that a hori-
zontal body position close to the center of gravity
of the ship lessens the symptoms produced by
rough seas, but it should be noted that the value
of the angle is the same whatever the location
of P.

It is thus seen that the path of P consists ap-
proximately of harmonic pendulous motions in
both the vertical and the horizontal plane and,
in addition, of an angular motion.

The general motion to which a passenger is
subjected takes place under varying axes and
comprises a superposition of three pure sine
curves with different amplitudes and numbers of
oscillations. {See fig. 3 which illustrates condi-
tionally selected sine curves.) To this supposed
motion is then added the continuous accelerated
motion. This general motion consists of —

(1) A space motion (composed of plunging plus
the harmonic pendulous motion in both the verti-
cal and the horizontal plane on pitch and roll);

(2) A combined rotatory motion which is the
sum of the rotatory motions on pitch and on roll;

(3) A continuous, possibly irregular, accelerated
motion in the horizontal plane, which would seem
to have special importance in small vessels.

Since the time period and also the angle of
pitch and of roll are specific for every vessel and

FIGURE 3. —Superposition of three pure sine curves represent-
ing motion axes to which a ship’s passenger is subjected.
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FIGURE 4. — llustrating the angle of pitch (@) and of roll (B)
of a vessel at sea.

are also dependent upon the nature of the wave
movements, no mean values for these factors are
to be found in the literature on shipbuilding.

Figure 4 illustrates rolling and pitching.  Angle
« in this figure is the angle on rolling: i.e., the
inclination of the mast toward the vertical plane.
The angle on pitching (B) represents the inclina-
tion of the vessel toward the horizontal plane.
For passenger ships of normal size there are cer-
tain upper and lower limit values. The maximal
value for roll is probably 15° and for pitch 5°
The time period (the time for a simple oscillation,
T) can vary; for roll and pitch it probably varies
between 5 and 40 seconds (ref. 1).

The greatest angular acceleration that can
occur for a passenger ship of normal size (10 000
to 20000 tons) is approximately 5°/sec2. This
corresponds on rolling to an angle of 15° and a
time period of 5 seconds. Such heavy rolling
seldom occurs and then only on a very choppy
heavy sea. All other values for pitch and roll
lie below 2°/sec? (refs. 4 and 11).

EYE MOVEMENTS ON LINEAR
ACCELERATIONS

Now we come to a very important problem in
seasickness. The vegetative explosion which

characterizes Méniere’s disease comprises,
among other things, vertigo and nystagmus. In
seasickness, on the other hand, nystagmus in
its usual sense is absent on macroscopic obser-
vation. In this connection it should be recalled
that, in Méniére’s disease, the labyrinthine ex-
citation is induced on only one side and therefore
nystagmus occurs. This has long been con-
sidered to support the assumption that seasick-
ness is only induced from the one type of
mechanoreceptors of the labyrinth, the otoliths,
which react to linear acceleration. The ampullar
cristae, on the other hand, are considered to
respond only to angular accelerated movements.

The lowest value for the angular acceleration
which in normal persons can induce an ocular
movement in the direction of the slowest nys-
tagmus phase is called its “minimum percep-
tibile.”” The values obtained experimentally
for minimum perceptibile have varied in man from
1°/sec? up to 4° to 5°/sec? (refs. 6, 12, and 13).
As mentioned previously, it is only on heavy
rolling that the angular accelerations reach a
value of 5°sec?. The Dutch investigator
Nieuwenhuijsen (ref. 14), during journeys
in 1958 across the Atlantic from New York to
Rotterdam, and using an angular accelerometer,
obtained a figure of 4.5°/sec? for angular speed
as a maximal value which was maintained for
only a short period. Usually the maximal angu-
lar acceleration was lower than 1.5°sec?. In
other words, it is only in extreme cases that the
angular accelerations exceed the values for
minimum perceptibile, and then only negli-
gibly.

As T have just mentioned, it has been con-
sidered, generally, that these facts support the
view that it is in the otoliths and not in the semi-
circular canals that the cause of seasickness
is to be found.

Before the introduction of electronystagmog-
raphy, no nystagmus could be observed with the
unaided eye. As early as in 1931, however, I
was able to demonstrate, with Dohlman’s photo-
kymograph (ref. 12), despite all sources of error,
reflectory eye movements on linear up-and-down
vertical acceleration motion in rapidly moving
elevators. The amplitudes were 4 meters to 6
meters and the maximal speed just over 1 m/sec.
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The principle of Dohlman’s recording method was
that a beam of light was reflected in a small
concave mirror fixed to the eye with a rubber

arrangement. The spot of light was projected
onto a light-sensitive paper to a curve, a
nystagmogram.

In 1922, Fleisch (ref. 15) demonstrated on
rabbits vertical eye movements of the nystagmus
type on horizontal accelerations. Later Jong-
kees and Philipszoon (ref. 16), but especially
Niven, Hixson, and Correia (ref. 17) and also
Guedry (ref. 18), demonstrated eye movements
of nystagmus type on linear accelerations.

During recent months my collaborators,
C. Angelborg and R. Aust, and I have made
recordings on persons on board ships belonging
to the Swedish Navy and also on board large
automobile ferries on the Stockholm-Gotland
line. We have used a Mingograph 34 (Elema-
Schonander, Sweden) which is a multichannel
direct-writing electrocardiograph with four re-
cording channels and a universal amplifier for
recording of biological potentials; e.g.. electronys-
tagmograms (ENG). By this means it has been
possible to record simultaneously both horizontal
and vertical eye movements and, in addition,
vertical and horizontal accelerations of the ship
on one and the same recording paper. For
recordings of pitching and rolling ship move-
ments, we have used a small accelerometer
with fine sensitivity. A thin wire of constantan
is used as the detector element in these trans-

mitters. The resistance of the wire is varied
Rough sea

Calm sea w\vﬂ/\’“‘/\f
Ashore

FIGURE 5.— Recording of vertical nystagmus-like eye move-
ments on heary seas.

Extension of the wire
In heavy

according to its length.
is a linear function of the acceleration.
seas we have so far succeeded in recording verti-
cal nystagmus-like eye movements (fig. 5).
These studies have not yet been published,
and these results are preliminary ones.

It seems justifiable, then, to conclude that
seasickness symptoms are most probably not
induced by angular accelerations but by har-
monic oscillatory space motions in the hori-
zontal and vertical planes on pitching, rolling,
and plunging. Of the different motion com-
ponents, the up-and-down harmonic oscillatory
movements would seem to play the principal
role.

MAGNITUDE OF FORCES AT
DIFFERENT LOCATIONS ON SHIPS

To give a better idea of the enormous forces to
which our bodies are subjected on board a ship
during heavy seas, we have calculated the magni-
tude of those movements to which a passenger is
subjected by the different principal oscillations
at varying locations on a passenger ship of normal
size.

We assume that the ship has a displacement of
10 000 tons, with a length of 120 meters and a
breadth of 16 meters. The maximum angle for
pitching is assumed, as discussed above, to be
5° and for rolling 15°.  In reality, the oscillatory
motions of the ship naturally take place around
varying diagonal axes. For the sake of simplic-
ity, we may regard the principal oscillations here
as isolated motions around the longitudinal and
transverse axes through the center of gravity.

From these calculations (ref. 11), it is evident
that —

(I) A person located at the prow of the ship is,
on pitching, thrown up and down 10 to 11 meters,
with a maximum acceleration at the turning
points of approximately 2 m/sec?.

(2) When at the side of the ship on a level with
the center of gravity, the passenger is raised and
lowered 4 meters, with a maximum acceleration
of just under 1 m/sec?.

(3) On plunging there are maximum vertical
movements of 10 meters, and the acceleration is
about 2 m/sec?.
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(4) On the navigation bridge, the person is
thrown instead, on pitching, forward and back-
ward 3 to 4 meters, with an acceleration of 1
m/sec?.  On rolling he is thrown from side to
side 10 meters, with a maximum aceceleration of
2 m/sec?.

(5) At the mast top the forward and backward
movement on pitching can be 7 meters and the
acceleration approximately 1.5 m/sec?, but on
rolling a person can be thrown 20 to 21 meters
from side to side, with an acceleration at the turn-
ing point of 4 m/sec?.

In some cases a person can be exposed to the
sum of these vertical and horizontal accelerations.

EXPERIMENTAL MOTION SICKNESS

In Humans

If these acceleration values are now compared
with the greatest accelerations which experi-
ence has shown to occur on railways, the latter
values are lower; i.e., about 1 m/sec? This
conforms also with the fact that motion sickness
on train journeys is considerably milder than true
seasickness on board a ship. For rapid passenger
elevators, on the other hand, the accelerations
on starting and retardation can vary from 1 to

\\\\ NN

NN

---9

3 m/secz. Experience has shown that sensitive
persons subjected to elevator movements can
easily have intense symptoms of motion sick-
ness. Here the accelerations are of the same
order of magnitude as in ship movements. By
analysis of the ship movements, we concluded
that the problem of inducing experimental
motion sickness could be simplified by sub-
jecting human beings and suitable animals—
dogs or monkeys —to vertical harmonic pendulous
motions.

The harmonic pendulous motions just men-
tioned can most easily be produced by an appara-
tus as shown in figure 6(¢) and (). A wheel
rotating at different constant rates drives a frame
up and down between two guide rails. The
radius of the wheel can vary. This apparatus
has been used in our hydromechanical experi-
ments. The apparatus is ideal for inducing mo-
tion sickness experimentally. 1 originally
intended that it should be constructed in larger
dimensions, but for reasons of cost I had to use
the apparatus already available.

The simplest way of testing motion sickness
is in large hoisting cranes or in rapid passenger
elevators that are driven up and down with
amplitudes of 4 to 6 meters and accelerations of

FIGURE 6.— Apparatus for producing vertical harmonic pendulous motion and inducing motion sickness experimentally. (a)
Schematic of wheel shown in (b) that rotates at different constant rates and drives a frame up and down between two guide
rails (b).
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about 1 to 1.5 m/sec?. The machinery of the
elevators has to be suitably cooled in order to
allow the heavy stress exerted by prolonged
upward and downward movements with rapid
braking. Persons who knew that they became
easily seasick had pronounced symptoms of
motion sickness after 15 to 30 minutes in these
elevators. Even elevator conductors with
many years of habituation easily became ill
after these upward and downward movements
with rapid braking and However,
deaf-mutes with intact tympanic membranes
and reactionless labyrinths (on syringing with
iced water) had not the slightest symptoms in
moving elevators.

starting.

In Dogs

To elicit motion sickness in dogs, there has
to be a more rapid change at the turning points
for the up-and-down movement than is attained
in elevators. This requirement could only be
fulfilled in large hoisting cranes in Stockholm
Harbor. The experiments were very time con-
suming. The machinery of the cranes was
strained to such an extent that the resistances
sometimes became red hot.

The animals were placed in cages with longi-
tudinal sides made of wire netting, so that they
could be observed easily., The maximum
accelerations were 1.5 m/sec?, and the amplitudes
3 to 4 meters.

Clinical Picture

To these up-and-down movements in hoisting
cranes, adult dogs, varying in weight from 9 to
21 kilograms, reacted with typical symptoms of
motion sickness after periods varying between
10 and 30 minutes. The symptom complexes
occurred in two forms: agitated and asthenic.
Most animals showed the agitated form. After
a few minutes they became restless and ran
about in the cage, howling and barking. Their
respiration increased. A number of animals
had diarrhea and pollakiuria. Their salivation
was greatly increased, so that saliva ran from
their noses. At first they followed the move-
ments with their eyes. In the last few minutes
before the first vomiting attack, the dogs instinc-
tively avoided keeping their eyes open. They

crept together apathetically and appeared
prostrate. After the first vomiting attack, they
generally recovered rapidly, but after 30 to 60
minutes there was an exacerbation with further
vomiting.

With the asthenic form, the animals did not
reach the stage of vomiting. They showed clear
symptoms, however, in the form of increased
salivation, polypnea, diarrhea, and pollakiuria.
They lay pressed to the bottom of the cage,
avoiding all movement, and showed no reaction
to external stimuli such as calling, whistling, or
prodding, etc.

After 3 to 4 hours’ “traveling,” or after re-
peated trials, the animals often became habitu-
ated to the oscillations, and it took a rather longer
time to induce symptoms. No definite eye move-
ments were observed with the unaided eye.

Labyrinthectomy

Bilateral labyrinthectomy was performed on
dogs that had previously been subjected to the
elevator movements and had reacted with typical
motion sickness, and microscopic examination
of serial sections after the animal had been killed
was made in order to establish that the removal
of the labyrinth had been complete. Before the
animal was killed, however, control tests were
made in the hoisting cranes about a month after
the operation. Even after up to 4 hours’ travel-
ing, the animals never showed any symptoms of
motion sickness. They moved freely in their
cages or lay quietly on the floor. They showed no
caloric reaction after syringing with 500 to 600
ml of ice water.

These experiments demonstrated unequivo-
cally that a well-functioning labyrinth must be
present for symptoms of motion sickness to be
elicited.

OPTICAL AND PROPRIOCEPTIVE
IMPULSES

For control of our balance, our orientation in

" space, and our locomotion, we depend upon im-

pulses from (1) the ocular system, (2) the vestib-
ular system, and (3) from muscles, joints,
viscera, and skin in the form of proprioceptive
impulses. It is of extreme importance to re-
member that the predominant neuro-otological
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symptoms are particularly referred to this
principal triad of physiological equilibrium stim-
uli. We all know that it is the vestibular receptor
system, the end organ of the labyrinth, that gives
us true information on the linear and angular
acceleration to which the head is subjected in
relation to the ground.

As early as in 1922, Gertz (ref. 19) stressed in
his studies that the efferent impulses which arise
from muscle movements induce the sensory com-
ponents in the reaction of the vestibular nerve
and give a “propriozeptiven Schwindel” (“tactile
vertigo”). This is induced most simply if, with
the head and neck motionless, a person stands
on a circular, rotatable plate and makes “right
turns” or “left turns.” When he steps down to
the floor and walks forward with closed eyes, he
deviates because of the proprioceptive impulses
induced by the leg movements. Most persons
have probably had similar sensations when first
walking on land after a rough sea voyage. In
German it is often said, “und dem Seemann
schwankt nicht selten der Boden unter den
Fiissen.” These are purely proprioceptive im-
pulses which, so to speak, persist when the
stimuli have ceased.

In this connection I want to emphasize the
intimate relations between proprioceptive
(cervical) impulses and the vestibular nuclei.
Cervical receptors are found not onmly in the
cervical and occipital muscles but also in the
joints of the upper three cervical vertebrae.
Spinovestibular communications, therefore, take
place. Afferent fibers pass to the vestibular
nucleus from the upper three cervical segments
(refs. 20 and 21). After incision of the posterior
roots to C1, C2, and C3 in cats, Cohen (ref. 22)
demonstrated equilibrium disturbances closely
resembling those seen following labyrinthectomy.

In spondylosis deformans in the cervical spine,
the syndrome of Barré-Lieou (ref. 23) often
occurs; it is also called cervical migraine or,
briefly, the cervical syndrome. The main symp-
tom here is vertigo of a transient type, an oc-
casional feeling of uncertainty with a tendency
to propulsion or lateropulsion. Pathogenetically
it is considered that, on rotations of the head, the
more or less arteriosclerotically changed verte-
bral artery can be compressed and ischemia in

the distribution area of the vestibular nuclei can
occur.

But with regard to the origin of the vestibular
symptoms after rotation of the head in the Barré-
l.ieou syndrome, consideration must also be
taken of the tonic,
labyrinthine reflexes, which are probably pro-
voked by the proprioceptive impulses from the
receptors in the muscles of the back of the head
and joints in the upper part of the cervical spine.
Exostosis directed posteriolaterally can constrict
the intervertebral foramina, and may compress
the spinal roots and produce root symptoms in the
form of pains and vertigo via the spinonuclear
vestibular communications just mentioned.

To determine the importance of optical and
proprioceptive impulses for the elicitation of
motion-sickness symptoms, we made animal
experiments in which these impulses were
successively eliminated. The optical impulses
were excluded by an occlusive bandage and by
suturing the eyelids together. The surest way of
eliminating the deep sensitivity would have been
to incise the posterior roots or the spinal cord
below the medulla oblongata. For technical
reasons we limited ourselves to merely excluding
the kinesthetic impulses by enclosing the entire
body of the animal, including the neck, in plaster
of paris. Only the head and a window over the
abdomen and around the urogenital orifices were
cut out. The dogs were suspended in an upright
position in the cages.

First the normal “‘elevator time” prior to the
first vomiting episode in elevators traveling up
and down was determined, and then the elevator
times prior to vomiting (1) without optical im-
pulses, (2) with plaster bandage, and (3) with
plaster bandage plus occlusive bandage were
measured. To exclude some degree of habitua-
tion, control experiments were then performed.
The results showed longer elevator times when
the optical impulses had been eliminated. The
longest times were obtained with the plaster
bandage combined with the occlusive one on the
eyes. By excluding optical impulses only, the
elevator times became longer than after plaster
bandaging alone.

From these animal experiments it is justifiable
to conclude that optical and proprioceptive im-

cervical, occipital, and
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pulses are not necessary for the elicitation of
symptoms of motion sickness. But as experi-
ence has shown, these impulses facilitate the
induction of the symptoms. The optical im-
pulses have a stronger stimulatory effect than
do the proprioceptive ones.

HYDROMECHANICAL STUDIES

The vestibular apparatus has, as is known,
mechanoreceptors built into a system of fluid-
filled spaces to which defined hydromechanical
laws are applicable. The basic excitatory me-
dium would seem to be the pressure changes,
induced by external factors, which induce flows
and displacements in the perilymph and which
are transmitted homogeneously to the endolymph,
whence the excitatory stimulus is transmitted
to the sensory cells. The labyrinthine fluids are
practically noncompressible. Thus, for labyrin-
thine excitation to occur, the surrounding vessel
walls should not be completely closed but should
allow movement of labyrinthine fluids. For the
perilymphatic space, such protective arrange-
ments against pressure increase include (1) the
perilymphatic duct, (2) the oval window, and (3)
the round window. For the endolymphatic
space, the endolymphatic duct and sac serve
as safety valves.

Qacc-=0

There seems to be good reason to suppose that,
in the perilymphatic and endolymphatic spaces,
similar pressure variations occur. On the basis
of this supposition, it would seem suitable to use
one single canal system when making a simple
labyrinth model for analysis of the hydrome-
chanical conditions in linear acceleration
motions. We made a simple model of a laby-
rinth in the form of a water-filled glass tube
bent at an angle, both ends of which were closed
by thin rubber membranes or bags, which were
to represent the “safety valves’ of the labyrinth
against pressure increase.

First 1 should like to give an example of the
pressure distribution in a fluid, water, lying in a
container al rest or in linear motion with a
constant velocity or acceleration. This container
can represent a model of a labyrinth.

Apparatus

Container in Vertical Motions
Open container:

1. The container at rest or in linear vertical
motion at constant velocity (the acceleration
thus being equal to zero).

If, over the open surface (V) of the liquid,

atmospheric pressure =p, is prevalent, then,
according to the laws of hydromechanics, the

l—1,

_____ I

FIGURE 7.—A water-filled glass representing a model of a labyrinth.
the liquid; po=atmospheric pressure; g= acceleration due to gravity;

point at z; p=mass of liquid per unit volume.

The pressure is linear to the depth. N = open surface of
=depth beneath surfuce of water; A= particular
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absolute pressure p at a particular point 4 at
depth z beneath the surface of the water will be

p=potpgz

where p=the mass of the liquid per unit of
volume =the density of the liquid, and g is the
acceleration caused by the force of gravity.

From figure 7 we see, therefore, that the pres-
sure is linear to the depth. The pressure curve
appears as p=p,+ pgz.

2. The container in linear vertical motion with

constant downward acceleration a.

The pressure p on a particular point at a depth

z below the surface of the water will be

p=potplg—a)z

From figure 8 we see that the pressure in case
(b) is lower than that in case (a).

A downwardly directed acceleration (toward
the same side as the acceleration due to gravity)
results also in a pressure reduction, and this re-
duction becomes increase in
acceleration.

3. The container in linear vertical motion with

constant upward acceleration (fig. 9).

An upwardly directed acceleration (opposite
to the acceleration due to gravity) results in an
increased pressure, and we obtain the equation

greater with

l acceleration : a

Y
p-R,Qlg-012

ag ——— p=p, +pg:
by =———=p=ptpg-a:

FIGURE 8. —Container in linear vertical motion with constant
Pressure at each point of walls
of container is changed when the acceleration is changed
on vertical motion. Acceleration directed downward
results in pressure reduction.

downward acceleration.

pP=petplg+a)z

From this relationship, it must follow that,
when on vertical motion the acceleration is
changed, the pressure at each point of the walls
of the container is changed.

4. Container in linear vertical motion with

varying acceleration.

The motion of the container consists of a ver-
tical harmonic pendulous oscillation, for exam-
ple, between points 4 and B in figure 10; in other
words, a motion with a variable acceleration.
Above the middle point O in section 04 where
the acceleration is directed downward, a pres-
sure reduction results. In section OB, on the
other hand, a pressure increase is obtained since
the acceleration is directed upward. (The direc-
tion of the acceleration is the same during the
rising as during the falling phase.)

If the container is given a form with a right-
angle bend as in our labyrinth model, this ob-

Po t Pg=
po + p (9—a)
Po +p(9+a

a) P
b)—— —— p

c)_...._._._ p =

(3]

«©

FIGURE 9. —Container in linear vertical motion with constant
upward acceleration resulting in increased pressure.
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A
a
10
a
B

F16URE 10. — Container in linear vertical motion with varying
acceleration.

-

-Rubber membrane

- - Glass tube (diam. 1.8 cm)

- - - - = - -

26em

: <|,——— .Kymographic cylinder

Writing arm
Rubber membrane
Writing head

'~ .. .._.__-_-_ . Rubber tubing

FIGURE 11.—Model of a labyrinth in form of a water-filled
glass tube.

FIGURE 12. —The model (fig. 11) placed on the vertically

moving platform Type of pressure variations

(bottom).

(top).

viously has no influence on the overlying pressure
variations.

Closed container:

If the container is closed with rubber mem-
branes as on our glass tube —the model of the
labyrinth (fig. 11)—and set in a vertical harmonic
pendulous motion, then qualitatively the same
effect must be obtained on the pressure distri-
bution within the container; quantitatively, on
the other hand, the conditions are changed.
Mathematically, this problem can only be solved
with great difficulties. In this case, account
must be taken of the elastic quality of the walls
of the container, of the rubber tubings, and of the
rubber membrane of the writing head (fg. 11).

To show that the above theoretical reasoning is
also applicable to our closed model of the laby-
rinth, we have demonstrated with a graphic re-
cording that such pressure variations can also
occur in a closed container on vertical harmonic
pendulous oscillations.

The model was filled with water and connected
to the writing head where the movements were
transmitted to the writing arm of a kymograph.
The entire instrument was placed on the ver-
tically moving platform of our harmonic oscilla-
tion apparatus (fig. 12). The pressure variations
are of the type seen at the bottom of figure 12.
The accelerations varied from 3.9 to 8.9 m/sec?

Container in Horizontal Motions
Open container:

1. The container at rest or in linear horizontal
motion at constant velocity (the acceleration
thus being equal to zero).

No alteration is seen in the position of the
surface of the liquid. The same equation is
valid as for the open container in vertical motion
(hg. 7).

2. The container in linear horizontal motion

with constant acceleration.

If the container is set in linear horizontal
motion with constant acceleration a (cases II
and III, fig. 13), the force and direction of which
are depicted by the arrow, then the surface of the
liquid, according to the laws of hydromechanics,
will lie at right angles to the resultant of the value

“of the acceleration a drawn in the opposite direc-
tion and the acceleration due to the force of
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F1GURE 13.—Container in linear horizontal motion. I: At rest.

zero. V: Acceleration in opposite direction.

VI: Increase in acceleration.

IV: Acceleration
a=linear acceleration;

II1: Decreased acceleration.

II: In motion.
VII: Acceleration zero.

g= force of gravity; V = flat surface of the fluid; z=the depth of point A under the water’s surface; Py=atmospheric pressure

above the free surface of the water.

gravity. The pressure p at point 4 at depth z
will vary with the value of z. In case II it will
be smallest, and in case VI, greatest.

Thus with this motion, at each point of the con-
tainer, and particularly on the walls of the con-
tainer, pressure variations will occur and result
in fluid flows and fluid displacements.

3. The container in linear horizontal motion

with varying acceleration.

Figure 13 illustrates the pressure distribution
in the fluid-filled container. 1In case I the con-
tainer is at rest, and in case Il it is set in motion.
The surface of the liquid takes a sloping position
and the value of z diminishes. When the ac-
celeration then decreases, as in case III, the
value of z increases slightly, since the positional
angle of the surface of the liquid to the horizontal
plane is slightly smaller. When the accelera-
tion has declined to zero, then the velocity is
constant. The surface of the liquid again is at
rest (case IV); this applies both to the state of
rest and to constant velocity.

If the acceleration is then again changed,
either in a negative or a positive direction (cases
V and VI), the position of the liquid changes
correspondingly as it did in cases II and III, and
the value of zis increased. In case VII, accelera-
tion is again zero.

Figure 13 also illustrates the pressure distri-
bution in a container moving in harmonic pen-
dulous oscillation in the horizontal plane, with
case IV as the middle position. We assume that
the container moves from I to IV to VI, and back
again the same way to II. The acceleration is
greatest at the turning points II and VI and is
equal to zero in the middle position. Accord-

ingly, it can be seen that also by varying horizon-
tal accelerations, pressure variations and fluid
displacements occur in a similar manner.
Closed container:

If this container, like the model of the labyrinth,
is closed by an elastic rubber membrane, it may
be assumed that qualitatively the same pressure
variations with flows and displacements in the
fluid will occur as were seen with the vertical
motions.

We also found that our closed model of the
labyrinth, when subjected to linear motions in
the horizontal plane with varying accelerations,
reacted distinctly with deviations of the writing
arm.

One conclusion from our hydromechanical
studies and experiments was, therefore, that,
in the labyrinth model closed with an elastic
rubber membrane and filled with fluid, pressure
variations occur at each point of its contents and
especially in its walls under harmonic oscillatory
motions in both the vertical and the horizontal
plane. The same applies to other horizontal and
vertical motions with varying accelerations. The
fluid pressure variations result in flows and dis-
placements, which can be easily recorded
graphically by the movements of a writing arm.

Most investigators of the vestibular system
probably consider today that the ampullar cristae
react only to angular accelerations, while it is
the otoliths that respond to linear accelerations.

Fleisch (ref. 15) as early as 1922, and also
Magnus in 1924 (ref. 24), showed that the semi-
circular canals probably reacted to linear
acceleration motions.

Magnus and deKleyn used a glass model of a
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FIGURE 14.—The Magnus and deKleyn glass model of a
(See text.)

labyrinth.

labyrinth (fig. 14). In the ampulla there was an
elastic cupula (d). The model was closed with
an elastic window (e), and the inner sac—the
“membranous canal” — communi-
cated with the outer sac by means of a “pressure
reservoir,” a rubber bag (f). This model reacted
promptly to linear accelerations with cupula
impulses both at the beginning and at the end of
the movement.

The writing arm in our labyrinth model is
analogous to this cupula and reacts, as we have
seen above, to accelerated movements in the
vertical and horizontal planes. Tt must then be
asked whether these experimental results can
be applied to living persons who have been sub-
jected to accelerated linear motions that provoke
motion sickness in its different forms, but es-
pecially in true seasickness.

It seems plausible to me that the hydro-
mechanical results can, on the whole, be applied
to the living labyrinth.

semicircular

LABYRINTHINE PRESSURE
VARIATIONS

We must thus consider that, in persons who
are subjected to ship movements in rough seas,
or at any rate to linear motions in a vertical or
horizontal plane where the accelerations are of
such magnitude as to correspond to those on
rough seas, each point of the labyrinth and its
contents is affected by pressure variations. Such
pressure variations occur in the walls of the
labyrinth and in the labyrinthine fluids, and must
be followed by displacements and flows in both
the perilymph and the endolymph.

As is known, one labyrinth in the human body
is located on either side of the median plane of
the body, the plane of symmetry. In relation to
this plane the labyrinths are mirror images of
each other (fig. 15). The pressure variations on
linear discussed above
must occur in the two labyrinths simultaneously.

That the momentary pressures at correspond-
ing points on the labyrinths are not always the
same is evident from figure 15, a labyrinth model.
If the two liquid-filled containers (labyrinths),
placed on either side of a plane of symmetry, are
set in motion with an acceleration a (correspond-
ing to the arrow in fig. 15, i.e., at right angles to
the plane of symmetry), the surfaces of the lig-
uids assume the positions as shown in this figure.
Points p; and p, are corresponding points on the
The momentary pressures at
these points are not equal; z2 is greater than z;.
If, on the other hand, the container is set in
motion in the direction of the plane of symmetry,
the momentary pressures at points p, and p. are
always equal. If the movement has a component
which is at right angles to the plane of symmetry,
the pressures at corresponding points of the
labyrinth models will never be equal, as we have
seen.

A passenger on board a ship in rough seas
will, at many locations on the ship, be moved

acceleration motions

two containers.
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FIGURE 15, — The “labyrinths™ in relation to the median plane
of the body, the plane of symmetry. (See text.)
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both up and down and thrown from side to side.
With the intralabyrinthine pressure variations
that will be induced, the momentary pressure
at corresponding points of the two labyrinths
will probably seldom be absolutely the same.

The question now is whether these intra-
labyrinthine pressure variations induced by
elevator or ship movements are of such magni-
tude that the excitation of the sensory epithe-
lium would be strong enough to elicit symp-
toms of motion sickness. In an attempt to answer
this question to some extent, we made experi-
ments on fresh autopsy human temporal bones,
that had been stored in a refrigerator.

Since the labyrinthine fluids are practically
noncompressible, the ‘“‘safety valves,” the
labyrinth windows, have to be displaced out-
ward as pressure increases inside the labyrinth.

In the same way as the writing arm in our
labyrinth model illustrated the pressure varia-
tions which occur on up-and-down or side-to-
side harmonic oscillatory motions, the outward
displacement of the stapes should be able to
serve as a norm, or be an approximate expres-
sion of the magnitude of the intralabyrinthine
fluid displacement produced by such motions.

A
N ——
FIGURE 16.—The temporal bone preparation placed on the
plate of the apparatus for vertical harmonic oscillations.

E: ebonite plate; S and Sy: pole screws; T: thermocouple;
M: micrometer screw.
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As a theoretical explanation for the caloric
reaction, Barany assumed, as is well known,
that cooling gives a reduction and heating an
increase in the specific weight of the endolymph.
This results in endolymph flows which would
seem to be the basic medium of excitation of
the sensory epithelium in the cupulae. On
heating of the labyrinth, the volume of the
labyrinthine fluids must increase and the pres-
sure rise. The coefficient of heat expansion for
the fluid must be greater than for the labyrin-
thine capsule, and this must lead to an outward
displacement of the stapes.

To make an acceptable comparison, the follow-
ing measurements were made on each temporal
bone preparation:

(1) The maximal outward displacement of the
stapes on vertical oscillatory movements

(2) The outward displacement of the stapes
after electrical heating of the preparation

Experimental Arrangement

The displacements of the stapes were meas-
ured electrically (figs. 16 and 17) by attaching a
very small square platinum plate to the capitulum
stapedis (weight 7 to 8 mg). Attached to the

FIGURE 17.—The temporal bone preparation electrically
heated.  Mv=millivoltmeter; Am=ammeter; W = resist-
ance of 2000 ohm; A, = storage battery, 18 volt; A, = storage
battery, 2 rvolt; S=pole screw; K=constantan wire;

Pr=preparation; St=stapes; Pt=platinum tip of the

stapes; T =thermocouple; M = micrometer screw; E = cbo-

nite plate.
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platinum plate was a small piece of tinsel thread
0.6 mm long and 0.03 mm thick. The prepara-
tion was placed on the ebonite plate of our
apparatus for vertical harmonic oscillations
(fig. 16). The platinum plate was connected to
an electric circuit. With the vertical motions
the stapes plate was moved, the platinum plate
came into contact with the tip of the micrometer
screw, the circuit was closed, and the ammeter
The greatest distance to contact
was the measure of the maximum outward dis-
placement of the stapes. On the average, this
displacement was 0.01 mm. The maximum
acceleration value for passenger ships of normal
size and for the elevators which we used was
about 3 m/secz. We used a maximum accelera-
tion of 3.95 m/sec? for the temporal bones. The
driving wheel of the apparatus rotated at 60
rpm. The time for a complete oscillation up and
down was 1 second. The
radius =10 cm.

gave a signal.

amplitude =the

In the heating experiments the preparations
were heated electrically by winding a constantan
wire around the bone (fig. 17) (resistance, 12 to
15 ohms). Heat was produced by a storage
battery. The temperature was measured with
thermoelements of copper-constantan placed
against the promontorium. In these experi-
ments also, the outward displacement of the
stapes was, on the average, 0.01 mm when the
bone was heated 5° to 12° (measured against the
wall of the labyrinth).

The up-and-down vertical oscillations thus
elicited intralabyrinthine pressure variations of
such magnitude that, in a living person, they
would probably exert such a strong excitatory
effect on the sensory epithelium of the vestibular
apparatus that this could well be compared with
a very strong caloric effect of the type which we
see today; for example, in ultrasonic treatment
of Méniére’s disease.

The Eliciting Mechanism
We have seen from the foregoing that, on rough
seas or in elevators where persons are subjected
to linear acceleration movements in the vertical
and horizontal planes, it can be expected that
pressure variations will occur simultaneously in

the two labyrinths. But the momentary pres-
sures at corresponding points within the two
labyrinths are probably seldom of the same
magnitude.

As a result of the pressure variations, flows
and displacements are probably transmitted to
the perilymph and endolymph. These are of
such magnitude that an intensive excitation of
the sensory epithelium is induced in the two re-
ceptor systems of the labyrinth, the otoliths and
the ampullar cristae, resulting in manifest symp-
toms of motion sickness. It would seem rea-
sonable to ask why vestibular nystagmus cannot
be recorded even by electronystagmography
(ENG). On the nystagmograms, as we have
just seen, only typical nystagmus-like vertical
eye movements are visible.

In my opinion, this may be due theoretically
to the fact that the two labyrinths are stimulated
simultaneously, and inhibitory impulses prevent
the induction of a manifest vestibular nystagmus.
Since the pressures at corresponding points of
the labyrinths are not always equal, the impulses
to eye movements, arising from each side, can-
not completely eliminate one another, and only
the small atypical nystagmic beats can occur, but
not a fully developed vestibular nystagmus.

Also belonging to the clinical picture of motion
sickness is intermittent headache, which may
perhaps be due to intracranial pressure variations
which are undoubtedly provoked by ship and
elevator movements.

APPLICATION TO PROBLEMS OF
WEIGHTLESSNESS

It now seems appropriate to ask whether these
results of our experimental studies on the eliciting
mechanism of motion sickness can possibly give
a plausible explanation for part of the vestibular
disturbances in weightlessness. Graybiel (refs.
25 and 26) said that the absence of the weight
factor can probably explain the relative ease with
which astronauts seem to manage their strenuous
space journeys and science-fiction-like walks in
space. There would be no otolith stimulation.

Transient weightlessness has been studied in
parabolic flights with rapid jet planes, and Soviet
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experimenters (refs. 27 to 29) have described
the illusion of rotation in opposite directions and
postrotational nystagmus. Two subjects (not
professional airmen) had a sensation of being
upside down during the period of weightlessness.
Such spatial illusions have been observed by
Soviet cosmonauts in orbital flight. These
Soviets state that it is the change in afferent
impulse activity that is responsible for the pro-
duction of sensory reactions in weightlessness.

For studies of weightlessness of longer periods,
we have to turn to prolonged orbital flights. The
Soviet studies in the spaceship Voskhod are of
special interest. The cosmonauts had under-
gone different degrees of vestibular training.
“Komarov had had several years of vestibular
training. Feoktistov and Yugarov only a few
months.” Komarov showed very high vestibular
resistance before the flight, and during the flight
he developed no unfavorable vestibular reactions.
The other two, on the other hand, with less train-
ing and low vestibular resistance, developed
“vestibuloautomatic reactions” of the motion-
sickness type.

During orbital flight with a period of weightless-
ness lasting 24 hours, “Yugarov and Feoktistov
developed illusory sensations that their bodies
were upside down in space.” These illusions
appeared when their eyes were closed and when
they were open. The sensations persisted
throughout the whole period of weightlessness
and remained until the onset of g-loading during
the descent of the ship. The two also had un-
pleasant sensations of vertigo during sharp
movements of the head and, consequently,
“tried to move less and when performing their
work they moved smoothly.” After sleep, the
vestibular syndrome improved, and they were
able to carry out their program.

Earlier, in the spaceship Vostok II, Titov had
also had similar feelings of the head being down
or that he was in an inverted position. This
type of illusion has been described by many
cosmonauts when they were still lying on their
backs, but oddly enough, not apparently by the
American astronauts. During sharp movements
of the head, Titov was also troubled by vertigo
and manifest symptoms of motion sickness.
The symptoms declined after a period of sleep

and disappeared altogether on descent and the
return of g-forces.

New Hydromechanical Experiments

As far as I know, no acceptable explanation
for these illusions has been given. Likewise,
the question seems to be unanswered as to
whether impulses pass to the vestibular nerve
from the equilibrium apparatus in weightless-
ness or not. Graybiel’s view seems to be the
most plausible, that the otoliths are not stimu-
lated in weightlessness and no afferent impulses
are thus sent out to the brain.

How then can we explain that (1) in weight-
lessness, as a result of rapid movements of the
head, i.e., linear accelerations, a sudden sensa-
tion of vertigo and symptoms of motion sickness
occur?; and (2) even when the space pilot is
lying on his back in the capsule, throughout the
period of weightlessness he has the confusing
illusion that he is upside down?

In this connection, Schock’s experimental
studies on cats (ref. 30) may be mentioned.
Normal nonoperated animals became disorien-
tated and confused in weightlessness. The symp-
toms increased when the eyes were covered.
Animals that had undergone bilateral labyrin-
thectomy were unaffected, but when their optical
impulses were excluded they also became dis-
orientated in the state of weightlessness.

Intact vision is essential for space flights. In
a state of weightlessness, when the proprioceptive
impulses are also eliminated, the pilots have only
their sense of vision to depend upon. I have
been fascinated by this peculiar state when the
sensation of weight is eliminated; therefore, I
have continued my previous hydromechanical
studies and experiments at the Stockholm College
of  Technology. In collaboration with T.
Bergkvist, new model experiments are being
carried out.

We will return now to figure 13 of the liquid-
filled container, representing a model of a laby-
rinth. We will imagine that the container is sub-
jected to a horizontal accelerationa. Two forces
are acting on the liquid: first the force of gravity
&, and second the horizontal force of inertia ma
(mass times acceleration). The flat surface of
the liquid will assume a position at right angles
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Open container
at rest

—
a

Container undergoing acceleration
with gravity acting, above — no gravity, below.

F1GURE 18. —The liquid-filled model of a labyrinth subjected to horizontal acceleration in a state of weightlessness.
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Closed container

at rest

Container closed with elastic membrane
undergoing acceleration with gravity, above —
no gravity below.

The liquid

is thrown out of the container.

FIGURE 19.—Total acceleration (a tot.), with large horizontal
acceleration (a), representing state of weightlessness.

to the resultant of the two forces at the point in
question. If a is increased or g decreased, the
angle will increase and thereby the depth z at
the “posterior wall” of the container (e.g., case
VI). When z becomes greater than the wall of
the container, the liquid will be thrown out. If
the container is closed with an elastic membrane,
this will be displaced outward.

With this reasoning, if the vertical accelera-
tion is allowed to approach zero, the state of
weightlessness is obtained. In the g-free space
the liquid is thus thrown out of the open con-
tainer (fig. 18). If the container is closed, the
liquid remains in it. If the container is closed by
an elastic membrane, its contents will tend to be
forced against this membrane or will be flung
outward or be keeled over.

FIGURE 20.—Open container in linear horizontal motion
with 2-gcentripetal acceleration.
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Since, for technical reasons, it is difficult in
these model experiments to eliminate g, we chose
to simulate the state of weightlessness in linear
acceleration by means of a large centripetal ac-
celeration. As can be seen in figure 19, with a
sufficiently large horizontal acceleration the total
acceleration (¢ tot.) will represent the state of
weightlessness, where, of course, g is nonexistent,
with adequate accuracy.

Figures 18 to 21 from our new hydromechanical
model experiments illustrate and summarize the
problem. Figure 20 is an open container in linear
horizontal motion with a centripetal accelera-
tion of 2 g. In the next figure (fig. 21) this accel-
eration is 3 g, and the container is closed. In
figure 22 the container is closed by an elastic
membrane and is set in linear horizontal accel-
eration of 15 g; this figure, as I said, represents
the state of weightlesssness with adequate ac-

FIGURE 21.—Closed container in linear horizontal motion
with 3-g centripetal acceleration.

curacy. The fluid will be forced against the
membrane with a tendency to be keeled over. In
figure 23(a) we see a closed rubber bag in a con-
tainer at rest. In figure 23(b) the linear accelera-
tion is 23 g and the bag has this tendency to be
keeled over.

Finally, in our opinion it seems plausible that
these hydromechanical model data may explain
why the cosmonaut in the resting state of weight-
lessness, when no afferent impulses are being
sent from the otoliths, suddenly has vertigo when
his head is turned rapidly; i.e., when he is sub-
jected to a weak linear acceleration.

The weightless endolymph is as an effect of the
force of mass inertia thrown against the walls of
the labyrinth with its “deafferented” weightless
receptor system. These new moderate, unex-
pected afferent impulses will suddenly produce a
strong excitatory effect on the sensory epithelium
of the vestibular apparatus, inducing manifest
symptoms of vertigo and motion sickness.

Spatial IHusions

The extremely important question of the spatial
illusion, in weightlessness, of the body being in
an upside-down position can also be plausibly
explained.

FIGURE 22.—Container closed by an elastic membrane.

Linear horizontal 15-g acceleration.
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As is well known, the statoconic membrane
of the macula is considered to have approxi-
mately twice as high a specific weight as the

FIGURE 23.—(a) Closed rubber bag in container at rest. (b)
With linear 23-g acceleration, the bag has a tendency to

lean over.

endolymph. In other words, the membrane can
easily change its position in relation to the sensory
epithelium. By deviation of the sensory hairs
in the viscous, gelatinous superficial mass, a
mechanical transformation takes place, and the
macula functions both as a position indicator and
as an accelerometer.

The change in position of the otolith membrane
can be caused by two types of forces: the force of
inertia and an alteration of the relative direction
of the force of gravity. If a person, and thus his
macula, is subjected to an acceleration a, the
layer subjacent to the otoconic membrane, the
sensory cells, tends to move in a direction op-
posite to the acceleration, because of the inertia
of the mass. This force, the force of mass inertia
(F=ma), acts upon the macula and is oriented in
a direction opposite to the acceleration. This
force thus moves the otoconic membrane out of
its equilibrial position, and the sensory hairs
mediate a sensation of acceleration to the sensory
cells. The macula is covered by a gelatinous or
viscous mass, which surrounds the sensory hairs.
This viscous mass probably has a fairly high fric-
tional force, which will have an inhibitory effect
on the movements of the otoconic membrane.
The accelerations to which the head is normally
subjected are small compared with the accelera-
tion g due to gravity. The change in the total
acceleration, acting upon the macula, will thus
be relatively small when an “external” accelera-
tion occurs.

In the state of weightlessness, on the other
hand, the conditions are different. Since there
is no effect of acceleration due to gravitation,
the change in acceleration is equal to the “ex-
ternal” acceleration. A very moderate accelera-
tion, e.g., a movement of the head, is now per-
ceived instead as a large change in movement.
The result may then be, as mentioned above,
the pronounced and rapidly manifested attacks
of motion sickness as experienced by the Soviet
cosmonauts. If, on the other hand, there is in-
fluence by the force of gravity, and this has a
component perpendicular to the nerve endings
(e.g., when the head is bent forward), the otoconic
membrane will be displaced from its position of
equilibrium and the macula will function here as
a position indicator. When an “external” ac-
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celeration has ceased, the membrane, because
of the acceleration due to gravity, will return to
its position of rest.

In a condition of weightlessness, on the other
hand, spatial illusions can occur, since there is
no restoratory force to act on the membrane.
There is no signal that the acceleration has
ceased. If now the macula is subjected to an
arbitrary small acceleration, the otoconic mem-
brane will remain in its displaced equilibrial
position even when the acceleration has ceased
to have any influence. The influence of the
frictional force of the viscous superficial layer

GRAVITY ACTING, AT REST FACE DOWN

NO GRAVITY, FACE UB POSITION just iaxs

O

on both the membrane and the sensory hairs
will probably accentuate this condition. The
macula will thus continue to indicate the presence
of an acceleration which has, in fact, ceased.

After, for example, a posteriorly directed ac-
celeration, the individual may well have a sensa-
tion of being in the face-downward position. In
fisure 24, finally, we attempt to visualize the
mechanism of such a vestibular macular spatial
illusion. In weightlessness the membrane re-
mains in position and indicates an erroneous
positional change. The individual will have an
illusion of being in an inverted position.

GRAVITY ACTING, AT REST

NO GRAVITY, ACCELERATION BACKWARDS

FIGURE 24. — Visualization of the macular spatial illusion.



10.

11.

13.

14.

16.

17.

. JAMES, ).

. MINOR, J. L.

. SJOBERG, A.:

. BARANY,

. Bruns, O.:

. FreiscH, A

ELICITING MECHANISM OF MOTION SICKNESS

27

REFERENCES

A.: The Sense of Dizziness in Deafl Mutes.
Am. J. Otol., vol. 4, 1882, pp. 239-254.

CREyNorps, T. T.: On the Nature and Treatment of

Lancet, vol. 1, 1884, pp. 1161-1162.
Freedom of Deaf-Mutes from Sea-sick-
Its Bearing Upon the Theory of Sea-sickness
Memphis J. Med. Sci., vol. 1, 1889,

Seasickness,

ness.
and Its Treatment.
pp. 252-254.
Experimental Studies of the  Eliciting
Mechanism  of Seasickness. Acta  Oto-Laryngol.,
vol. 13, 1929, pp. 343-347.

. CoRNING, J. L.: The Suppression of Rotary Vertigo; Its

Bearing on the Prevention and Cure of Seasickness.
N.Y. Med. J., vol. 80, 1904, pp. 297-299.

. Quix, F. H.: Le Mal de Mer, le Mal des Aviateurs.

Monograph No. 8.  Oto-Rhino-Laryngol. Intern., 1922,
pp. 825-912.

1. W. Voorhees): Func-
Ann.

R. :(translated by
tional Testing of the Vestibular Apparatus.
Otol., vol. 21, 1912, pp. T1-127.

Wesen und Bekiampfung der Seeund
luftkrankheit.  Miinch. Med. Wschr., vol. 73, 1926,

pp. 977-979.

. BYRNE, J.: On the Physiology of the Semicircular Canals

and Their Relation to Seasickness. J. T. Dougherty,
New York, 1912, 569 pp.

WOJATSCHEK, W.: Einige neue Erwigungen tber das
Wesen der Seekrankheit.  Beitr.  Anat. Physiol.
Pathol. Therap. Ohres, vol. 2, 1909, pp. 336-345.

SJOBERG. A.: Experimentelle Studien iiber den Aus-
lisungsmechanismus der Seekrankheit. Acta Oto-

Laryngol., suppl. 14, 1931, pp. 1-136.

. DoHLMAN, G.: Physikalische und physiologische Studien

zur Theorie des kalorischen Nystagmus. Acta Oto-
Laryngol., suppl. 5, 1925. pp. 1-96.

AscHAN, G.: BERGSTEDT, M.; AND STAHLE, J.: Nystag
mographical Observations [llustrating the Cupular
Mechanism in Rabbits and Pigeons. Acta Soc. Med.
Upsalienis, vol. 60, 1955, pp. 89-98.

NIEUWENHUIJSEN, J. H.: Experimental Investigations
in Seasickness.  Utrecht Acd. Proefschrift, 1958,

Das Labyrinth als beschleunigungsemp-
findliches Organ. Pfliigers Arch. ges. Physiol., vol.
195, 1922, pp. 499-515.

JONGKEES, I.. B. W.; AND PHILIPSZOON, A. J.: Nystag-
mus Provoked by Linear Accelerations.  Acta Physiol.
Pharmacol. Neerl., vol. 10, 1962. pp. 239-247.

NIvEN, J. L; Hixson, W. C.; aND CORREIA, M. J:

of Horizontal Nystagmus by Periodic

Acta Oto-Laryngol., vol. 62,

Elicitation
Linear Acceleration.

1966, pp. 429141,

18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

GUEDRY, F. E.: Influence of Linear and Angular Accel-
erations on Nystagmus. Second Symposium on the
Role of the Vestibular Organs in Space Exploration,
NASA SP-115, 1966, pp. 185-196.

GERTZ, H.: Action Motrice Induite.
vol. 57,1922, p. 41.

KORNHUBER, H.: Physiologie und Klinik des zentral-

Hals.-Nas.-Ohrenheilk., vol. 3,

Acta Med. Scand.,

vestibularen Systems.
1966. pp. 2150-2350.

GERNANDT, B. E.; AND G1L.MAN, S.: Descending Vestibu-
lar Activity and Tts Modulation by Proprioceptive,
Cerebellar and Reticular Influences. Exptl. Neurol,,
vol. 1, 1959, pp. 274-304.

CoHEN, L. A.: Role of Eye and Neck Proprioceptive
Mechanisms in Body Orientation and Motor Coordina-
tion. J. Neurophysiol., vol. 24, 1961, pp. 1-11.

SANDSTROM, J.: Cervical Syndrome With Vestibular
Symptoms.  Acta Oto-Laryngol., vol. 54, 1962, pp.
207-226.

Macnus, R.: Korperstellung.
Gesamtgebiet der Physiologie der Pflanzen und der

Springer, Berlin, 1924, p. 740.

Monographien aus dem

Tiere.

. GRAYBIEL, A.: Vestibular Sickness and Some of Its Im-

plications for Space Flight. Neurological Aspects of
Auditory and Vestibular Disorders, W. S. Fieldx and
B. R. Alford, eds., Charles C Thomas, 1964, pp.
248-270.

GRAYBIEL, A.: Vestibular Problems in Relation to Space
Travel. The Vestibular System and Its Diseases,
R. J. Wolfson, ed., Univ. Pennsylvania Press, 1966,
pp. 443458,

Kas’vyaN, L. I.; Krasovski, A. S.; Korosov, I. A
L.omova, M. A.; LEBEDEV, V. [.; AND Yurov, B. N.:
Some Physiologic Reactions in Man During Short
Periods of Weightlessness. Federation Proc., vol. 25,
pt. 11, 1966. pp. 605-611.

Yucanov, E. M.; GorsHkov, A. I.; Kas'van, 1. I;
Bryanov, 1. I.; Korosov, I. A; Koranev, V. [;
LLeBepEv, V. I.; Porov, N. I.; AND SOLODOVNIK,
F. A.: Vestibular Reactions of Cosmonauts During
Flight in the Ship “Voskhod.”
vol. 25, pt. 11, 1966, pp. 767-770.

Yucanov, E. M.; Gorsakov, A. I.; Kas’van, L. [;
Bryanov, 1. I.; Korosov, 1. A.; Kopranev, V. I;
LEBEDEV, V. I; Porov, N. I.; AND SoLODOVNIK, F. A.:
Vestibular Reactions of Cosmonauts During the Flight
in the “Voskhod™ Spaceship. Med.,
vol. 37, July 1966, pp. 691-694.

ScHocK, G. J. D.: A Study of Animal Reflexes During
Exposure to Subgravity and Weightlessness.
space Med., vol. 32, 1961, pp. 336-340.

Federation Proc.,

Aerospace

Aero-



28 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

DISCUSSION

McNally: T should like to pay tribute to Dr. Graybiel
because he is pretty important to us all. You know that in
science, as in everything else, there are styles, and at the
present time vestibular physiology is in style. There was a
time not so long ago when it was not, and cochlear physiology
was the rage. Back in the 1915’s and 1920’s in the days of
Barany, Sherrington, Magnus, and DeKleyn, physiology of
the vestibular system was very popular. Dr. Graybiel took
up the study of vestibular physiology, persevered in it,
trained his associates, and had them ready to respond to
problems involved in the space program. We owe him a
tremendous debt of gratitude for what he has been able to do
for vestibular physiology.

It is rather interesting that our first speaker also brought
us a link with these early physiologists, especially to Barany
who did his work in Uppsala and won his Nobel Prize there.
It is most fitting that we had one of his successors at Uppsala,
Professor Sjoberg, talk to us today. I can well remember
when I first became interested in seasickness while reading
articles by Professor Sjiiberg back in the 1920’s.

Money: Professor Sjiberg, do you think that the pressure
changes in response to linear accelerations are more or less
important than the direct effect of the linear acceleration
on the otolithic membrane? Also, could you outline the evi-
dence for the conclusion that the proprioceptors are not
necessary for motion sickness?

Sjoberg: I believe that the pressure variations with flows
and displacements probably are transmitted to the perilymph
and endolymph, there inducing in the two receptor systems
of the labyrinth, the otoliths and the ampullar cristae, a strong
excitation of the sensory epithelium, resulting in manifest
symptoms of motion sickness.

Money: [ understood you to say that neither the impulses
from the eyes nor from the proprioceptors was necessary.

Sjoberg: In my paper I said that, from the animal ex-
periments, it is justifiable to conclude that optical and pro-
prioceptive impulses are not necessary for the elicitation of
symptoms, but these impulses stimulate and facilitate the
induction of the symptoms. I agree with you that the optical
is more important.

Money: More important than the proprioceptors?

Sjoberg: Yes, more important; the optical impulses have
a stronger stimulatory effect than do the proprioceptive ones.

Money: That answers my second question.

Huertas: [ should like to dwell a little bit more on the
vibration-conducting mechanism. The labyrinth is contained
in a nonelastic bony box, so to speak, which cannot be dis-
tended; therefore, any change in shape of the membranous
labyrinth would be due to changes in buoyancy between the
membranous membrane of the labyrinth and the fluids by
which it is surrounded. Do you have any evidence of the
differences in specific gravity between the three elements
involved —the perilymph, membranous labyrinth, and en-
dolymph —to back up your theory of displacement by vibra-

tion? It is accepted today that angular acceleration can
produce motion sickness; therefore, the receptors for angular

 accelerations must play a role in motion sickness. You did

not mention such receptors as active elements in the produc-
tion of motion sickness. Is there an otolith response to ac-
celerations in space during zero-g or not? Dr. Gualtierotti
made a similar query at the last symposium. There are otolith
fibers or
sensitive to 1 milli-g, to a thousandth of a g. The ballistic

linear-acceleration-responding units which are

forces of the heart produce acceleration movements of the
head much greater than that; therefore, even during weight-
lessness the otolith is constantly stimulated with each
heartbeat.

Sjoberg: It is well known that, for the statoconic mem-
brane of the macula, the specific weight is considered approxi-
mately twice as high as that of the endolymph.

On a very winding road, naturally the receptors for angular
accelerations play a role in the elicitation of motion sickness.

Lansberg: | am very much impressed by the measure-
ments you have made of the distance that the stapes moves
out. Do you not think that, during ultrasonic therapy for
Méniére’s disease, there is more involved than just the heat-
ing of the labyrinth? Is it not the selective destruction of the
epithelium in the horizontal canal that causes the symptoms,
both in the irritative and in the paralytic phase?

Sjoberg: In my subsequent paper (‘“Experimental and
Clinical Experiences and Comments on Ultrasonic Treatment
of Méniere’s Disease”), I go into the question of the thermal
effect. In Uppsala we have experimented on rabbits and hu-
man beings during ultrasonic irradiation with the head in
different positions.
mus of the irritative type brought about by ultrasenic treat-
ment is probably a caloric reaction provoked by the endolym-
phatic flow caused by the thermal effect. The nystagmus
of the destructive type does not change direction when the
head position is altered from face up to face down.

We have shown that the initial nystag-

Waite: During Gemini 7, Astronaut Frank Borman shook
his head repeatedly and reported no untoward symptoms
whatsoever. Has motion-sickness symptomatology been re-
ported during vertical acceleration or linear acceleration with
the head rigidly fixed so that no angular accelerations can
take place?

Sjoberg: Symptoms of motion sickness can be elicited dur-
ing up-and-down harmonic pendulous movements with the
head fixed.

Barber: Have you any comments to make upon the inci-
dence of motion sickness in bilateral otosclerosis, where each
stapes is fixed?

Sjoberg: T have no experience with otosclerosis in rela-
tion to motion sickness.

McNally: Professor Sjiberg represents a line of very dis-
tinguished investigators as does Professor Wendt who brings
to us the traditions of Parker and Maxwell and Dodge.
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SUMMARY

The author’s studies of motion sickness, conducted since before World War 11, are briefly de-

scribed.

They included studies of the nature of susceptibility to motion sickness, of the effects of

wave character on incidence of motion sickness, of other factors related to motion sickness, including
preventive drugs. and of the effects of sickness on performance.

INTRODUCTION

I was invited to take part in this symposium
to review the research on motion sickness for
which T have been personally responsible. My
associates and | have done several hundred
separate researches of all degrees of magnitude
from relatively small to very large. Most of
these were done in the period 1939 to 1956, but
some span the period from 1930 to the present.
Relatively few are in normal publication chan-
nels, but nearly all are at least briefly described
in technical reports and so-called final reports.

I.et me briefly account for this state of affairs.
In 1939 our involvement in war was easily pre-
dicted. T decided to direct my interests in the
vestibule to an area of military consequence,
motion sickness. Because there were then few
people with either skills or interest in motion
sickness, I allowed my interest and research to
cover nearly the entire gamut of possible
problems.

This paper will have served my purpose if it
leads a few of you to seek copies of my unpub-
lished reports and, hopefully, to do experiments

'In the 38 years during which T have engaged in this re-
search, it has been supported by agencies and aided by
individuals far too numerous to mention. Preparation of
this paper is currently aided by the University of Rochester
and by a contract with the Office of Naval Research. Neither

sponsor should be held accountable for the views expressed.

to answer the many questions I left unanswered
or insufficiently proven. The reports which
give access to most others are one to the National
Research Council Committee on Selection and
Training of Aircraft Pilots in 1944, a final report
to the Office of Naval Research in 1954, and a
progress report to the National Institute of Mental
Health in 1956 (refs. 1 to 3). Most of our pub-
lished papers are in the Journal of Psychology.

After Pearl Harbor, 1 was deluged by requests
for answers to the problems of motion sickness.
I did my best to answer these needs. From the
perspective of 27 years later, my efforts do not
seem to have been misleading on major issues.
What follows is a selection of problems empha-
sizing those we did not solve and wish someone
else would soon try to solve.

STUDIES OF NATURE OF SUSCEPTI-
BILITY TO MOTION SICKNESS

Our early wartime work, 1939 to 1942, was
low-budget exploratory investigation, resulting
in over 200 studies of human vestibular, auto-
nomic, other physical and physiological, and
psychological characteristics of those susceptible
or nonsusceptible to motion sickness, as indicated
by their life histories. In retrospect, I can say
that most data on the nature of susceptibility
were negative, i.e., of no predictive value, others
were positive, but not feasible to use, and one,

29
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on past history of vomiting and of motion sickness,
had a moderate predictive value.

Studies of Vestibular Sensitivity

The magnitude and duration of vestibular
nystagmus are probably not predictive of motion
sickness according to a number of our studies.
It is possible that visual inhibition of nystagmus
is less effective in susceptibles. Habituation to
rotation, with the subjects being rotated in the
dark, is not related to motion-sickness suscepti-
bility. This may not apply to the very different
problem of habituation in the Pensacola Slow
Rotation Room, where full vision is standard and
sickness is common.

Studies of Autonomic Responses

About 50 studies of many aspects of the prob-
lem of autonomic responses gave negative results.
Blood pressure; pulse rate and its changes;
arrhythmia; cardiac response to vestibular stimu-
lation; reaction to revolver shot or to apprehen-
sion; tilt-table response; cold-pressor reaction;
vasomotor response to hyperventilation and to
breath holding; injections of Adrenalin or of
acetyl-B-methylcholine, and others, were not
usefully predictive.

Other Physiological and Medical Studies

Motor coordination, the electroencephalogram,
somatotype, and breathing rate were unrelated
to susceptibility. On the other hand, suscepti-
bles made health complaints and displayed
symptoms much more often. Medical histories
yielded no support for their complaints, nor did
infirmary records.

Psychological Studies

A very large number of biographical data and
psychological test scores were assembled on
630 men. The results are interesting but of
little practical value. The susceptibles rated
slightly higher on neuroticism. They took two
to three times as many courses in religion, phi-
losophy, art, and music, and only half as many
in economics and chemistry. They were equal
in athletics, but outstanding in individual sports
such as track, wrestling, and boxing. They
tended to avoid liquor, coffee, and tobacco.

Because almost all these data have little prac-

tical use, being so heavily culturally influenced,
they should be used only for understanding
rather than prediction. A set of predictive
criteria based on our liberal-arts college popula-
tion is virtually useless for a secondary school
population that does not have the same choices
of activities.

Predictive Value of History of Vomiting

We were able to account for 4 to 35 percent of
the variance of motion sickness in actual prac-
tice, based on various predictions. A single
test on a wave machine was least predictive. A
good history of motion sickness by question-
naire or interview was dependable and could
account for about 20 percent of the variance,
while more elaborate biographical data, adapted
to a particular population, could perhaps double
these odds.

Unfortunately, this work was done in the days
of the DC-3, the landing ship-tank, and lawn
swings and may be much less useful for today’s
hardware. Changes in our culture require a
frequent reassessment of biographical data.

STUDIES OF THE EFFECTS OF WAVE
CHARACTER ON MOTION SICKNESS

The chances are that most of you know of
my papers on the effects of wave characteristics
on frequency of motion sickness. These studies
became possible when more research money
was available after Pearl Harbor.

I started with the general observation that
magnitude of acceleration was not in direct re-
lationship to sickness, e.g., in riding horseback,
but that time between accelerations was. My
first experimental proof was that wave frequency
was very important. A medium-frequency
wave of 16 to 22 cpm was most effective in mak-
ing men sick. I then went on, in a series of
seven more experiments, to show the role of
other factors. I will quote from my sixth paper:
In general conclusion, then, it would appear that the capacity
of a wave to induce sickness depends on wave-duration, ac-
celeration-level, waveform, and energy per wave. It is clear
that the effect of any one of these variables depends on its
context with the others. We have obtained enormous dif-
ferences in the nauseating properties of waves. The H-
wave for instance (16 cpm, 0.25 g) is roughly 20 times as
nauseating per unit of energy as the A-wave (32 cpm, 0.65 g).
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I suggest a report by C. H. Baker (ref. 4) as a
review of this work. (See also J. Psychol., vols.
39 and 57.)

A general conclusion from these studies is
that the human, exposed to wave action, reacts
as a resonating system with a maximum output
of sickness at about 20 cpm, followed by a sharp
cutoff at higher frequencies. It was my hope
and intention to find where in the brain or re-
ceptors this resonant action took place. Un-
happily, in the late 1940s our electronic tech-
nology failed at both the receptor end and the
cerebellum. We tried in six experiments to re-
cord from various elements of the vestibular sys-
tem, but essentially failed in each. It is also
possible that animals may not make good sub-
jects. R. L. Cramer and I, in a behavioral ex-
periment, exposed 126 cats to waves of different
frequencies, but found them too variable to make
suitable subjects. In these present days of
implanted electrodes, J. W. Wolfe has worked
with me and showed that the situation is much
more hopeful for finding what the central nervous
system is doing. I hope that he or others can
supply the answers I failed to supply.

I should also mention that I failed to produce
acceptable sinusoidal waves with my equipment,
and used only constant acceleration waves. The
problem of comparing these two wave types must
eventually be done by someone who has available
both types of waves.

I did a little work with what is now known as
canal sickness, but, except for an impression
that it is more uncomfortable and longer lasting
than the reaction to vertical acceleration, made
no contribution.

OTHER SELECTED ITEMS

Motion Sickness and Fear

On the basis of much behavioral evidence,
I used to be unalterably opposed to the idea that
motion sickness is caused by fear. I have
softened my line on this, now believing that
motion sickness may cause anxiety. I am still
strongly opposed to the idea, popular in 1940,
that people susceptible to motion sickness are
cowards.

Relationship of Motion Sickness to Temperature and
Posture

Contrary to my own expectations, we have not
been able in three separate studies to show that
high temperature facilitates motion sickness.
Nor have we been able to establish an inter-
action of temperature, body or head orientation,
and wave frequency, except that an uncomfort-
able posture (head 90° back) is accompanied by
more sickness. Studies of airline passengers,
requested to adopt head-up and head-back pos-
tures, were inconclusive.

Head Movement on the Vertical Accelerator

Motion pictures of head bobbing on the vertical
accelerator, taken from 240 men, showed no
relationship to development of motion sickness.

Motion Sickness and Efficiency of Performance

All our laboratory performance studies were
done immediately before and after brief ex-
posures to motion (20 minutes or less). A quote
from a summary of all our studies of the effects
of sickness on performance (ref. 5) follows:

It has now been shown that speed in code substitution,
level of aspiration in rifle target fire, and speed on the Mash-
burn complex coordinator are slightly decreased: speed of
mirror tracing, accuracy of code substitution, accuracy of
rifle fire, accuracy of dart throwing, speed of obstacle running,
and speed of dash showed statistically insignificant decreases.

[A] greater deficit in those nauseated as compared to those

who vomited was present [in seven out of nine of these
tests].
All deficits were trivial. On the other hand,
interviews with chronically seasick or airsick
personnel often show severe weight loss and
motivational problems.

Laboratory Tests of Prevention of Sickness by Drugs

Sea trials and air trials of motion-sickness
preventives are not replicable unless one uses
hundreds of subjects. By contrast, we showed,
by replicating the same procedure on five groups
(total of 240 men), that findings were consistent
with group sizes of 24 men. Laboratory testing
seems to have advantages. It is regrettable that
no facility exists for continuing such work (ref. 6).

Correlated Studies

Not included in this account are the results of
17 years of studies of vestibular function, eye
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movements, and very numerous experiments on
the effects of drugs on social behavior and on
emotions and motivations. Many of the latter
are basic to any advance in use of drugs for
prevention and treatment of motion sickness

(ref. 7).

CONCLUDING REMARKS

We believe that our multivariable experiments,
planned so that each experiment included a
replication of several previously used variables
of a total of 14 or more, are an efficient way to
obtain valid data. We have done two kinds of
experiments. In motion-sickness studies on

the vertical accelerator, we normally used 14
variables with one subject for each possible
combination of these 14. In drug studies we
have used each subject one or more times on each
drug variable, always using at least four variables
(i.e., drug treatments) which were used in all
of our previous experiments. The level of con-
sistency of our results, in both motion-sickness
and drug studies, has been very satisfying. In a
laboratory at Trinity College, an attempt was
made to replicate our drug studies exactly, and
nearly identical results were obtained that
showed high correlations of drug-induced
changes, one as much as r=+0.994 when com-
pared to our data.
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Money: Did all the subjects wear blindfolds in all your
waveform studies?

Wendt: Yes.
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SUMMARY

A review of knowledge about the neural mechanisms of motion sickness is presented, and recent
unpublished attempts to increase that knowledge are related. The participation of peripheral afferent
nerves, peripheral efferent nerves, and central structures is described and the integrated action of

these structures is discussed.

The structures that are indispensable for the vomiting of motion

sickness are the vestibular apparatus, the vestibular nerve, the vestibular nuclei, the uvula and nodulus
of the cerebellum, the chemoceptive emetic trigger zone, the vomiting center, and the somatic pe-

ripheral nerves to the respiratory muscles and to the muscles of the abdominal wall.

PERIPHERAL AFFERENT NERVES

The Vestibular Nerve

It is well known that motion sickness does not
occur in the ahsence of a functioning inner ear
or after section of its nerve. James reported in
1882 (ref. 1) that none of a group of 15 deaf-mutes
who were exposed to rough weather at sea
became sick, and it was established in later
studies of deaf-mutes (refs. 2 to 6) and in studies
of animals subjected to experimental surgery
(refs. 7 to 13) that destruction of the vestibular
apparatus or section of its nerve confers immunity
to motion sickness. It can be said, therefore,
that the vestibular nerve is necessary for motion
sickness.

More specifically, because it has been shown
that discrete inactivation of the semicircular
canals confers immunity to motion sickness in
dogs (ref. 12), it seems likely that, in dogs at

t DRET Review Paper No. 720. Technical services were
provided by A. D. Nicholas and W. J. Watson. Statistical
analysis was by Dr. D. M. Sweeney.

least, the ampullary nerves are necessary for
motion sickness. It is possible, of course, that
the nerves to the otolith organs are also neces-
sary for motion sickness.

Abdominal Afferents

Because some kinds of nauseating motions
can be expected to cause movement of the
viscera, it has been suggested that such move-
ments contribute to the nausea and vomiting of
motion sickness (refs. 14 to 17). In a study
(ref. 18) of 21 dogs, however, denervation of the
viscera did not markedly reduce susceptibility
to motion sickness. To obtain a measure of their
initial susceptibility to motion sickness, the dogs
were exposed to swinging at intervals of 1 week
or longer, and the duration of swinging required
to cause vomiting was recorded. The animals
with consistent susceptibility were then subjected
to sympathectomy, vagotomy, or both, and the
susceptibility was again measured by weekly
swinging. None of the animals operated upon
exhibited immunity to the vomiting of motion
sickness, and a consistent increase in the dura-

35
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tion of swinging required to cause vomiting was
found in only two of six sympathectomized dogs,
in only two of six vagotomized dogs, and in only
three of nine both sympathectomized and
vagotomized. Because sympathectomy and
vagotomy divide the visceral afferent route (as
well as the autonomic supply) of most of the
gastrointestinal tract, as revealed in the doubly
operated dogs by markedly increased thresholds
(doses and times) for vomiting to orally admin-
istered copper sulfate, it is reasonable to conclude
that visceral afferent nerves are not necessary
for motion sickness. In fact, it seems unlikely
that they play any important role.

Afferents From Proprioceptors

The receptors of muscles, tendons, and joints
have not been investigated for a possible role in
motion sickness. These receptors are involved
with posture and orientation, and it would be
surprising if they were found to be without
influence.

Afferents From the Eyes

The influence of vision on susceptibility to
motion sickness can be very important. For
example, in a two-pole swing experiment in which
the subjects’ heads were not fixed, the incidence
of motion sickness was found to be 35 percent
when the eyes were closed, but only 2 percent
when the eyes were open (ref. 19). Vision can
also increase the incidence of motion sickness,
as shown by experiments in which the subjects
were either blindfolded or permitted to view the
inside walls of moving capsules (refs. 20 and 21).
Indeed, movement of the visual field without any
movement of the body can cause signs and
symptoms of motion sickness (refs. 22 to 24).
Because movement of the visual field has not
been effective in persons lacking the peripheral
vestibular receptors, it seems possible that vision
influences motion sickness through an action on
the vestibular system, possibly on the central
vestibular structures.

Afferents from the retina are not necessary
for motion sickness, however, because motion
sickness can readily be produced in blindfolded
subjects. Similarly, afferents from the external
eye muscles were found not to be necessary for

motion sickness in three dogs that were swung
after injection of Xylocaine behind the eyeballs.
The dogs were swung four times at weekly
intervals without treatment, to establish the dura-
tion of swinging required to cause vomiting.
They were then swung after injection of 4
milliliters of 2 percent Xylocaine behind each
eyeball. This treatment eliminated vestibular
and optokinetic eye movements and caused the
pupils to dilate fully, but it had no apparent
influence on the duration of swinging required to
cause vomiting (table 1). Although it seems clear
that afferents from the eye muscles are not
necessary for motion sickness, they might in
some circumstances play an important role,
as do afferents from the retina.

PERIPHERAL EFFERENT NERVES

The role of efferent nerves in motion sickness
has not been investigated in any detail. It has
been suggested (ref. 25) on theoretical grounds
that the vestibular efferents, by sensitizing the
vestibular end organs during motion involving
sensory incongruity, increase the afferent
activity to the vestibular nuclei and thereby
promote the development of motion sickness.
Similarly, it seems reasonable to expect that
activity in the gamma efferents to muscle
spindles would exert an influence, and in view
of the importance of head movements in motion
sickness (ref. 26), motor nerves which influence
head movements probably play a role. The

TABLE 1.—Durations of Swinging Required To
Cause Vomiting, to Nearest Minute, With and
Without Xylocaine Behind the Eyeballs!

Without With
Dog no. treatment, Xylocaine,
min min
62, . 9,5,6,7 12
B4 e 7,12,11,13 7
TO. it 23,12,14,16 10

! Tests were conducted at intervals of 1 week or more.
The 10-minute result with dog 76 was obtained after the
12-minute result and before the 14-minute result; otherwise
the results are recorded in chronological order.
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efferents to the retina are not necessary for
motion sickness, as shown by the dogs that
vomited to swinging after application of Xylocaine
to the orbits, but they may play an important
role in some situations. If vomiting is taken as
the criterion of motion sickness, the motor
efferents for vomiting are necessary for motion
sickness.

The Autonomic Nervous System

The autonomic nervous system is the efferent
nerve supply to smooth muscle and glands. Its
role in motion sickness seems to have been
grossly exaggerated.

Motion sickness, and especially the vomiting of
motion sickness, have been described frequently
as vegetative or autonomic phenomena (refs.
27 to 33). Vomiting, however, is the expulsion
through the mouth of the contents of the stomach
and (in some cases) upper intestine. It is ac-
complished in mammals primarily by an inte-
grated action of the respiratory and somatic
abdominal musculature, and not by the muscles
of the gastrointestinal tract (ref. 34). The
stomach is largely a passive sac during vomiting,
and the force for expulsion is supplied by the
diaphragm, the intercostal muscles, and the
muscles of the abdominal wall. The important
motor nerves for vomiting are therefore the
phrenic nerve to the diaphragm and the spinal
nerves to the intercostal and abdominal muscles.
The autonomic supply to the stomach and upper
intestine is also active during vomiting, but its
contribution is dispensable, because ‘“‘there is
no essential difference in the vomiting act per-
formed by normal and gut-denervated animals”
(ref. 35).

The sensation of nausea, which can be ex-
perienced by human subjects after total gastrec-
tomy (ref. 34), is probably the conscious aware-
ness of unusual activity in the vomiting centers,
and there is no reason to regard it as a result of
autonomic activity. Therefore, the major parts
of the motion-sickness syndrome, nausea and
vomiting, cannot be described as autonomic phe-
The pallor and cold sweating of motion
sickness can reasonably be considered autonomic
phenomena, but only because pallor and sweating
are usually controlled by the autonomic nervous

nomena.

system. It is possible, although not likely, that
the pallor and sweating of motion sickness are
caused by a circulating chemical unrelated to the
autonomic mediators; the pharmacological
dissection which could answer this question has
apparently not been done.

In the experiment designed to investigate the
role of abdominal afferents in motion sickness
(ref. 18), nine susceptible dogs were prepared
with sympathectomy and vagotomy. These
dogs were, therefore, without the sympathetic
division of the autonomic nervous system, and
without the parasympathetic supply to the
gastrointestinal tract down to the ileocolic valve.
Only three of the nine animals were consistently
less susceptible to motion sickness postopera-
tively, and even these three were not immune.
It seems reasonable to conclude from this experi-
ment not only that the visceral afferents play no
vital role in the vomiting of motion sickness
but also that the autonomic supply to the viscera
plays no vital role. Theories of motion sickness
that depend upon the proximity of the medial
vestibular nucleus and the dorsal nucleus of the
vagus nerve are scarcely tenable in the light of
this experiment.

CENTRAL STRUCTURES

Vestibular Nuclei

Because most vestibular sensory fibers synapse
in the vestibular nuclei, and because the vestibu-
lar nerve is necessary for motion sickness, the
vestibular nuclei are probably necessary for
motion sickness.

Vestibular Parts of the Cerebellum

In four dogs that had consistently vomited to
swinging preoperatively, the uvula, nodulus,
and pyramis were removed (ref. 36). Two of
these dogs did not vomit in any postoperative
test, and the other 2 vomited in only one of 9
or 10 postoperative tests. In a later experiment
(ref. 11), nine dogs that had consistently vomited
to swinging were subjected to partial or complete
removal of the uvula and nodulus. Seven of
these dogs did not vomit in any postoperative
test, one dog vomited in only one postoperative
test, and one dog with minimal damage to the
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uvula and nodulus vomited in all of the four
postoperative tests. Additional animals sub-
jected to the removal of the pyramis and other
nonvestibular parts of the cerebellum retained
their preoperative susceptibility to motion sick-
ness. It seems clear that the vestibular parts
of the cerebellum are necessary for the vomiting
of motion sickness in dogs.

Chemoceptive Emetic Trigger Zone

The chemoceptive emetic trigger zone is
located superficially in the caudal part of the
floor of the fourth ventricle, dorsolateral to the
vagal nuclei (ref. 37). Central emetics such as
apomorphine and the cardiac glycosides act, by
way of the bloodstream, upon the chemoceptive
trigger zone which in turn acts upon the “inte-
grative vomiting center” (ref. 34) to cause
vomiting. In 12 dogs that had regularly vomited
to swinging preoperatively, the chemoceptive
trigger zone was destroyed (ref. 37). Two of these
dogs vomited in all the postoperative tests after
durations of swinging comparable to the preopera-
tive durations, but two of them vomited only
during some of the postoperative tests and eight
of them failed to vomit in all of the postoperative
tests. The absence of the chemoceptive trigger
zone was confirmed by failure to vomit to apomor-
phine and by histology, and the ability of the
animals to vomit postoperatively was established
by oral administration of copper sulfate. It
seems likely that the chemoceptive emetic trigger
zone is necessary for motion sickness.

Vomiting Center

The neural mechanisms responsibile for the
coordinated muscular contractions of vomiting
are obviously necessary for vomiting. It is not
known whether the required coordination is
effected by a morphologically distinct “center”
having only an integrating function.

Cerebrum

The cerebrum (telencephalon) does not play a
vital role in motion sickness in dogs. One dog
that had consistently vomited within 4 to 10
minutes of swinging was decerebrated by
removing a wedge of tissue rostral to a plane
joining the superior colliculi to a point just

behind the mammillary bodies (ref. 38). Its
susceptibility was tested again between the 26th
and 53d postoperative days, and it vomited
in all of the five swing tests administered, within 3
to 9 minutes of swinging. In six other dogs
with unilateral removal of the cerebral cortex,
and in six additional dogs with bilateral removal
of the cerebral cortex from temporal or occipital
or parietal areas, no essential participation by
a cortical structure was revealed (ref. 36).
Motion sickness in a decorticate man has also
been reported (ref. 39).

Because the cerebrum is not necessary for
motion sickness, it is difficult to escape the con-
clusion that psychological factors are not neces-
sary for motion sickness. Aside from the ques-
tion of necessity, however, the cerebrum and
psychological factors can undoubtedly influence
the development of motion sickness in man.

THE INTEGRATED PICTURE

Figure 1 presents an integrated picture of the
neural mechanisms of motion sickness. Ap-
propriate motion acts on the vestibular apparatus,
the proprioceptors, and the eyes. In some cases
it also acts on the abdominal viscera, but this
is probably not important in motion sickness.
Afferents from the eyes are not necessary for
motion sickness, but they are known to play an
important role in some situations. The struc-
tures that can be considered indispensable for
the vomiting of motion sickness (in dogs at least)
are the vestibular apparatus, the vestibular
nerve, the vestibular nuclei, the vestibular part
of the cerebellum, the chemoceptive emetic
trigger zone, the vomiting center, and the somatic
motor nerves to the respiratory muscles and to
the muscles of the abdominal wall. Structures
that are dispensable are the nerves to the eyes,
the nerves to the abdominal viscera, and the
cerebral cortex.

Following the sequence of events between ap-
propriate motion and vomiting, one can see a
logical relationship among motion, the vestibular
apparatus, the vestibular nerve, the vestibular
nuclei, and the vestibular cerebellum; there is
an equally logical and well-known relationship
among the chemoceptive emetic trigger zone,
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the vomiting center, the motor nerves for vomit-
ing, and the muscles of vomiting. There is
no known reason, however, why the vestibular
cerebellum should influence the chemoceptive
emetic trigger zone, and therefore the essence of
motion sickness is probably to be found here, in
the relationship between the vestibular cere-
bellum and the chemoceptive trigger zone. The
mystery of why motion causes vomiting in a
healthy animal is found reflected here in the
brain.

Because the chemoceptive emetic trigger
zone is sensitive te chemicals (ref. 40), and
because motion sickness develops so slowly
(usually repeated stimulation of the vestibular
apparatus is required for a period of several
minutes or even hours to cause vomiting), it
seems likely that the cause of nausea and vomit-
ing in motion sickness is an emetic chemical that
accumulates under the influence of the vestibular
cerebellum during motion. Babkin and his
associates as early as 1943 (refs. 9, 41, and 42)
investigated the possibility that circulating acetyl-
choline was responsible for motion sickness in
dogs. They were unable, however, to demon-
strate any increase in blood acetylcholine during
motion sickness.

ATTEMPT TO ESTABLISH THE HY-
POPHYSIS AS A LINK BETWEEN THE
VESTIBULAR CEREBELLUM AND THE
CHEMOCEPTIVE TRIGGER ZONE

Several observations suggest that the neuro-
hypophysis secretes an emetic agent during
appropriate motion: (1) posterior pituitary extract
is an emetic agent (ref. 35); (2) a pituitary-type
inhibition of water diuresis occurs with motion
sickness, and an antidiuretic substance can be
recovered from the urine of subjects who have
been motion sick (ref. 43); (3) the cardiovascular
response to nauseating motion resembles closely
the response to Pitressin injection (ref. 44); (4)
the centers which normally control pallor and
sweating are intimately associated with the
hypothalamic-hypophyseal system. Also, the
adrenocortical response in motion sickness
(refs. 45 to 47) suggests the possibility that the
adenohypophysis plays an important role in

motion sickness. The susceptibility of hypophy-
sectomized dogs to motion sickness is there-
fore of interest.

Normal mongrel dogs were tested for suscepti-
bility to motion sickness on a motor-driven
swing, and dogs that vomited within 20 minutes
on the initial exposure were considered suitable
for further testing and were subsequently swung
at intervals of at least 1 week until they had
demonstrated susceptibility at least four con-
secutive times. In most cases, more than four
preoperative tests were carried out. After the
initial test, the maximum duration of swinging
was set arbitrarily at 60 minutes, and dogs that
did not vomit within 60 minutes of swinging at any
preoperative test were discarded from the experi-
ment; postoperatively, swing tests were stopped
after 60 minutes and failure to vomit by that
time was taken as a negative response. After
consistent susceptibility to motion sickness had
been established, each dog was hypophysecto-
mized by the transbuccal approach. In some
cases, parts of the hypothalamus were also de-
stroyed, by cautery. After recovery from the
operation, the surviving animals were again
tested for susceptibility to motion sickness at
intervals of 1 week or longer, and they were
observed for polyuria throughout the remainder
of the experiment. No hormones were admin-
istered to the animals postoperatively.

Seven dogs survived the hypophysectomy and
were tested postoperatively. The operations had
no consistent effect on the durations of swinging
required to produce vomiting (table 2). A Wil-
coxan two-sample rank test showed no significant
difference between the preoperative and post-
operative vomiting times of the seven dogs.
Five of the dogs exhibited polyuria following the
operation, and in three of these the polyuria was
permanent, continuing until the deaths of the
animals 6 to 10 weeks postoperatively. Autopsy
with an operating microscope confirmed that the
pituitary glands had been removed.

In this experiment it was not established that
either the adenohypophysis or the neurohypoph-
ysis was completely ablated in the dogs, but
the pituitary glands were removed, and in three
of the dogs the neurohypophysis was inactivated,
according to the criterion of permanent polyuria
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(ref. 48). A dog was considered to have polyuria
if its postoperative daily urine output exceeded
the preoperative output by more than 1 liter per
10 pounds of body weight. The operations did
not have a large or consistent influence on sus-
ceptibility to motion sickness, and the results
indicate that motion sickness is possible in the
absence of the pituitary gland and in the presence
of permanent polyuria. It therefore seems un-
likely that the hypophysis plays any necessary
role in motion sickness in the intact animal.

INVESTIGATION OF GAMMA-AMINO-
BUTYRIC ACID IN MOTION SICKNESS

It has been suggested (ref. 49) that various un-
related drugs that are effective against motion
sickness have a common action in increasing the
level of y-aminobutyric acid in the brain. In
terms of the relationship between the vestibular
cerebellum and the chemoceptive trigger zone,
this would mean that during appropriate motion
the vestibular cerebellum causes a decrease in

TABLE 2. — Durations of Swinging Required To Produce Vomiting, to Nearest Minute, Before and
After Hypophysectomy !

Dog no.

Preoperative, min Postoperative, min Postoperative
polyuria
15, 14, (died) Transient.
5,5,55,7 Permanent.
x93 x, x, 19, x, 14 Transient.
13, 17, 17, 14, 33 None.
5,4,5,6,8 Permanent.
54,6,5,7 Permanent.
11, 15 None.

1 Tests were conducted at intervals of 1 week or more and are recorded in chronological order.

2 Nonstandard stimulus used inadvertently.

[TARR L]

3 Values greater than 60 indicated by “x.

TABLE 3.—Durations of Swinging To Cause Vomiting

[In minutes and seconds]

Date Medication

1968

AN, 23 | s
2 RPN
)« T A N

14

21 FAOAA, 0.2 mg/kg oo

28 [ AOAA, 0.5 mglkg

Mar. 27 [ Thio SC, 2 mg/Kg2..ccoiiriiiiiiiiiir v eranees
Apr. 4 | Thio SC, 2 mg/kg....covvviiriiiiiiiiiiiii e

Interval
between
injection
and
swinging, hr

Dog no. 4 | Dog no. 6 | Dog no. 7

...................................... 17:30 13:02 8:35
...................................... 15:15 8:50 8:07
...................................... 15:43 16:05 11.08
15:40 10:00 6:40

..................... 6 7:25 16:40 9:22
6 6:15 15:54 30:00

..................... R 3 PR 7:15 8:45
..................... ) B P 13:59 4:37

!t AOAA means aminooxyacetic acid.
2Thio SC means thiosemicarbazide.

3 Dog vomited just before swinging started and again after 5:20 of swinging.
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the level of y-aminobutyric acid, or, alternatively,
that the vestibular cerebellum is unable to exert
its influence on the chemoceptive trigger zone
in the presence of high concentrations of y-
aminobutyric acid. It was therefore of interest
to investigate susceptibility to motion sickness
in animals in whom the brain level of y-amino-
butyric acid had been artificially raised.

Three dogs were exposed to swinging motion
once each week for 4 weeks to establish the dura-
tion of swinging required to induce vomiting.
After a further 7-day interval, the dogs were
swung again, 6 hours after subcutaneous injec-
tion of 0.2 mg/kg of aminooxyacetic acid. This
drug is known to raise the level of y-aminobutyric
acid in the brain (ref. 50). As indicated in table
3, the injections had no significant effect on the
durations of swinging required to cause vomiting.
One week later the dogs were swung again, 6
hours after injection of 0.5 mg/kg of amino-
oxyacetic acid. As shown in table 3, this dose
also had no strong influence, but possibly caused
vomiting sooner than without medication. ILarger
doses of aminooxyacetic acid caused repeated
vomiting without any swinging or other motion.

The original intention was to study more dogs
with aminooxyacetic acid after these preliminary
trials, but the results were so discouraging that
the decision was made not to continue. Because
raising the brain level of y-aminobutyric acid
caused vomiting and seemed to promote motion
sickness, it was decided to test susceptibility
to motion sickness after lowering the brain level
of y-aminobutyric acid, which can be accom-
plished with thiosemicarbazide (ref. 51). Two of
the same dogs (one had become pregnant) were
used. No strong influence of 2 mg/kg of thio-
semicarbazide was found when testing the ani-
mals 3 hours after injection or, again 1 week
later, 1 hour after injection (table 3). While the
data from this experiment are scarcely conclu-
sive, it seems unlikely that the level of y-amino-
butyric acid in the brain plays any essential or
powerful role in the development of motion sick-
ness, and it seems unlikely that anti-motion-
sickness drugs act by raising the brain’s con-
centration of y-aminobutyric acid.

The link between the vestibular cerebellum
and the chemoceptive trigger zone remains
unilluminated.
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Conflicting Sensory Orientation Cues as a Factor in

Motion

Sickness'

FReED E. GUEDRY, JR.

Naval Aerospace Medical Institute

SUMMARY

Evidence is adduced to support the hypothesis that conflicting sensory data relating to spatial

orientation from among visual, vestibular, and somatosensory systems can induce motion sickness

in the absence of any strong, long, or periodic stimulus to the semicircular canals or otolith system.

During a number of years of conducting spin-
ning, oscillating, and tilting experiments, I have
never purposely conducted a motion-sickness
experiment. However, in the course of various
experiments, some stimulus conditions seemed
much more conducive to motion sickness than
others, and some individuals were much more
susceptible to motion sickness than others.

One of the primary aims of the present paper is
to point out that a vestibular stimulus of moderate
magnitude, repeated several times but not with
any particular periodicity, can produce a high
incidence of the signs and symptoms of motion
sickness. This stimulus, which has been vari-
ously named the Coriolis vestibular stimulus or
the angular Coriolis stimulus, involves contradic-
tory sensory input from within the labyrinth
itself.

The kind of stimulus to which I refer is de-
picted in figure 1. The subject is rotating on a
device about an Earth-vertical axis that has an
angular velocity w;, and his head tilt is made
about a second axis, the w-axis, which is orthog-
onal to the axis of the turntable. During the head
movement there are two angular acceleration
components: (I) Angular accelerations about the

1T should like to acknowledge very helpful communica-
tions with K. E. Money and with J. T. Reason who have
conducted independent reviews of motion-sickness literature
and have provided me with their prepublication manuscripts.

wy-axis from starting and stopping the head move-
ment, which would occur during any natural head
movement even if the table were not rotating.
These accelerations leave no residual effects.
(2) The second component is constituted by angu-
lar accelerations about a third orthogonal axis,
the w;ws-axis, shown in figure 1. During the
head movement, this stimulus changes in magni-
tude and direction relative to the canal system
so that a complex pattern of stimulation of the
canals is produced during the movement. The
w,w: acceleration would cause the canals to
signal approximate angular velocity about the
subject’s y-axis, whereas the change in position
relative to gravity signaled by the otolith organs
during the movement would be about the sub-
ject’s x-axis. The w,w, stimulus shifts during
the head movement but when averaged over
time, the w,w, stimulus is alined with the sub-
ject’s y-axis. When the movement is completed,
the cupulae deflections would signal rotation
which should be accompanied by change in orien-
tation relative to gravity (if such rotation were
really taking place), but the otoliths would signal
constant position; i.e., no change in orientation
relative to gravity. These patterns of sensory
input from the canals and otoliths are clearly con-
flicting. This is in contrast to the normal synergy
between canals and otoliths depicted schemat-
ically in the lower right portion of figure 1, where

15
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the axis of change in orientation signaled by
the otoliths and the axis of angular velocity sig-
naled by the canals are one and the same; viz,
the subject’s x-axis.

In the past few years we have observed more
than 500 student pilots while they made six 45°
head tilts with their eyes closed during rotation
at 15 rpm (refs. 1 and 2). These head move-
ments were approximately 30 seconds apart,
but there was no strict periodicity maintained.
After six such head movements, only 5 percent
of the student pilots were adjudged by observers

POSITION SIGNAL
FROM OTOLITHS

ANGULAR VELOCITY
SIGNAL FROM CANALS

RESIDUAL EFFECTS FROM HEAD TILT ON ROTATING TABLE

to have been unaffected by the head movements.
By the students’ own ratings, about 50 percent
indicated some feelings of nausea and only 11
percent indicated no effect at all. The magni-
tude of the stimulus to the semicircular canals
produced by each head movement can be dupli-
cated by a simple angular acceleration to 11.5
rpm. Simple angular impulses of this magni-
tude seldom produce nausea in the absence of
conflicting visual data. Moreover, during the
initial angular acceleration to 15 rpm while the
head was fixed relative to the turntable, there

AXIS OF CHANGE IN
ORIENTATION SIGNALED

BY OTOLITHS MEAN AXIS OF

ANGULAR VELOCITY
SIGNALED 8Y CANALS

HEAD TILT ON ROTATING TABLE

AXIS OF ANGULAR
VELOCITY SIGNALED

AXIS OF CHANGE IN BY CANALS
ORIENTATION SIGNALED (
BY OTOLITHS X

x "

NATURAL HEAD TILT

FIGURE 1. —Illustrating the directional conflict of sensory inputs from canals and otoliths during head tilt on a rotating table
and the concordant sensory input during natural head tilt without concomitant whole-body rotation.
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were no signs from these subjects of displeasure
or surprise; yet, with the first head movement
that actually produced a lesser angular impulse
to the canal system, many subjects indicated dis-
pleasure and many exhibited pallor and sweat-
ing. All of those subjects who were adjudged
to have been severely affected by the head-
movement stimulus later dropped out of the
flicht program.

To illustrate the magnitude of this Coriolis
vestibular stimulus, the situation shown in figure
2 was used. The conficuration shown in 4 was
selected because the residual stimulus as the
head movement is completed is to the lateral
canals that yield an easily recorded nystagmus.
Subjects were positioned so as to locate the plane
of the horizontal canals 30° from the axis of the
turntable. The rotation device was set into rota-
tion at 10 rpm (w; =10 rpm). After 2 minutes of
constant rotation at 10 rpm, the head was dorso-

INITIAL POSITION

/™~— _PLANE OF

LATERAL CANALS

A. HEAD TILT DURING ROTATION
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flexed through 60° in 3 seconds from the initial
position to the final position. In this particular
head movement, it is primarily the lateral canals
that are stimulated, and though there is some
stimulation of the vertical canals, the net residual
effect of the stimulus to the vertical canals is
zero when the movement is complete. It can
be shown that, under this particular condition as
the head movement is just completed (4 of fg.
2), the angular impulse delivered to the lateral
canals by the head movement is equivalent in
magnitude to the angular impulse delivered by
angular acceleration to 10 rpm with the head
fixed as shown in B.

Subjects placed in situations 4 and B of figure
2 produced results graphed in figure 3. The
nystagmus produced by the head tilts (4) was
usually of lower intensity, and it clearly declined
more quickly than that produced by simple
angular acceleration (B).

B. SIMPLE ANGULAR ACCELERATION

FIGURE 2. — Stimulus used to produce horizontal nystagmus (A) by head movement during 60 °/s_ec angular velocity and (B) by simple
angular acceleration to 60°[sec with head in fixed relation to the axis of rotation.



48 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

30
201
B
3 % -4
w STOPPING SIMPLE
[=) o ANGULAR ACCELERATION
> o ABOUT VERTICAL AXIS
= B
Q .
S
[
>
W s
w
g
? 2 %
-8
HEAD MOVEMENT
CORIOLIS STIMULUS

&4
3
S
i

5 8 833

o

SLOW PHASE EYE VELOCITY (DEG/SEC)
N

W 78

STOPPING SIMPLE
ANGULAR ACCELERATION
ABOUT VERTICAL AXIS

% -85
STOPPING ROTATION
ABOUT HORIZONTAL AXIS

FROM BENSON,A.J AND BODIN,M.A., 1965

F1eure 3. —lustating different decay rates (w/A) of nystagmus slow-phase velocity following different stimuli of equal magnitude

to the lateral canals.
five lower panels.

The rapid decline of nystagmus produced by
the head movement is a sign of conflict between
the canals, which signal rotation about an axis
not alined with gravity, and the otolith and
somatosensory systems, which signal a constant
orientation relative to gravity. This situation
as the head movement is completed is closely
analogous to the nystagmus and sensation pro-
duced by cessation of rotation about an Earth-
horizontal axis; in the latter situation as well,
the canals signal rotation while the other sys-
tems signal no rotation. As shown in the upper
right graphs, the nystagmus decline following
rotation about a horizontal axis is more rapid
than the decline of nystagmus produced by simple
angular acceleration about a vertical axis even
though the angular impulses are equal in the two
situations (ref. 3).

Upper left panel is the average result from the individual responses (G through S) displayed in the

From considerations of the mechanics of the
stimulus as well as the magnitude of the nystag-
mus responses, the stimulus in situation A is no
greater in magnitude than that in situation B.
Yet simple angular acceleration of the magnitude
and duration used in B may be repeatedly ad-
ministered without producing any of the signs
of motion sickness, whereas head movements
during rotation produce signs of motion sickness.
For example, I conducted one experiment in
which more than 100 men received 176 simple
angular accelerations to 10 rpm within a 4-hour
interval. There was not a single indication of
motion sickness from these subjects. In an-
other series of experiments (refs. 4 and 5) in
which a total of 50 men made 45° head tilts dur-
ing rotation at 7.5 rpm, approximately 70 percent
of the subjects showed some sign of motion sick-
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ness. Typically, signs of motion sickness ap-
peared within the first 40 head movements. The
angular impulses produced by the head move-
ments were of less magnitude than the simple
angular accelerations to 10 rpm, yet the head
movements produced signs of sickness, whereas
the stronger simple angular accelerations did
not produce these signs.

When a person is permitted to move around
within a rotating room, there is much more than
an intralabyrinthine conflict. During body move-
ment within the room, information fed back from
the muscles and joints signal curvilinear motion
relative to the Earth, while visual estimates that
gage the intended movement do not register the
curvilinear path. Movement in a straight line
relative to the floor of the room is actually move-
ment in a curved path relative to the Earth.
Even in the absence of vision, the somatosensory
system would feed back information indicating
curvilinear movement of the hand or foot when
the intended movement of the hand or foot is in
a straight line. Coupled with these incongruities
(between intended movements, somatosensory
feedback, and visual feedback) is the intralaby-
rinthine conflict as described above.

The rearranged sensory input that occurs
within the slow rotation room (SRR) is analogous
to what happens in experiments in which lenses
have been used to rearrange the visual input as
subjects attempted to move about (ref. 6). The
results within the rotating room have characteris-
tics in common with other sensory rearrange-
ments. At first, subjects experience diffiiculty in
walking and in other voluntary motor activities,
and most subjects experience nausea. With
prolonged exposure, the psychomotor skills im-
prove, while nausea, nystagmus, and illusions
After adaptation to
return to a natural environment reinstates many
of these responses, including nausea (refs. 7 to
9). These new reactions in a natural environ-
ment offer inferential support for the “pattern
copy”’ hypothesis proposed by Groen (ref. 10).

It may be significant that individuals without
labyrinthine function, when exposed to this
rotating-room environment, have all of the visual
and somatosensory rearrangement encountered
by normal subjects, yet they have not been made

diminish. this situation,

sick (ref. 7 and A. Graybiel et al., “Compara-
tive Effects of 12 Days’ Rotation at 10 RPM
on Four Normal Subjects and Four Persons With
Bilateral Labyrinthine Defects,” in preparation).
The fact that these subjects showed psycho-
motor disturbance upon return to a normal
stationary environment ' indicates that a central-
nervous-system adjustment to sensory rearrange-
ment had occurred, but no sickness was pro-
duced. This could be interpreted to indicate
that the intralabyrinthine conflict is crucial to
the motion sickness in this situation. However,
other interpretations are clearly possible, and
this is a debatable issue.

Many authors have pointed out experiments
(refs. 11 to 17) that show that visual-sensed mo-
tion without concomitant vestibular stimulation
can produce motion sickness. Especially inter-
esting observations were made by Miller and
Goodson (ref. 18) in connection with a helicopter
simulator. The subject’s control stick manipu-
lated the motion of the visual field as though the
subject had moved, but he actually remained sta-
tionary relative to the Earth. Experienced heli-
copter flight instructors were reported to be more
susceptible to sickness in this situation than were
inexperienced students.

There is in progress a closely related study by
Sinacori (J. B. Sinacori, Northrup Norair Division,
Hawthorne, Calif., personal communication), who
is using a simulator similar to that used by Miller
and Goodson. Some visual distortion present in
the earlier device has been reduced, but even so,
experienced helicopter pilots have become nause-
ated and have found the device difficult to control,
whereas inexperienced personnel were less dis-
turbed by nausea. The most interesting new
development reported by Sinacori is that a motion
base has been incorporated into the simulator
which gives a vestibular signal as the visual simu-
lation is commenced. These vestibular signals
are limited by restricted angular displacement
of about 10° in pitch, roll, and yaw; but the results
indicate that when the signals are “washed out”
gradually, i.e., by using a time constant of 2 sec-
onds or longer in returning the subject to initial
upright position, there is a greatly improved con-
trol of the simulator and a reduction in nausea

among experienced pilots. This improvement
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with the motion base has been present irrespec-
tive of whether the pilots have been exposed first
to the motion-base or to the fixed-base condition.
Recently, an inexperienced person was exposed
to the motion base but with unfavorable washout
characteristics, and he did not have nausea.
He was then given a training session with favor-
able motion characteristics during which his per-
formance became very good and nausea was
absent. In a third session, he was reexposed to
the unfavorable motion characteristics and he
became sick and performed poorly, even though
initially the same exposure did not produce
nausea. The results imply that at least part of
the nausea and lack of control with the fixed-
base simulator used by Miller and Goodson and
later by Sinacori was attributable to the absence
of correlated vestibular input. These studies
imply that conflicting data from the visual, ves-
tibular, and somatosensory systems may be the
important aspect of the stimulus relative to pro-
ducing motion-sickness symptoms in these situa-
tions, and these situations certainly did not in-
volve intense or periodic stimuli to either the
otolith or semicircular canal systems. The re-
sults also stress the fact that training in a motion
device sets up expected correlations between
motor commands and expected patterns of sen-
sory input pertaining to spatial orientation and
motion. When these expected patterns do not
match the incoming patterns, the probability of
sickness is increased.

Several authors (refs. 19 to 22; ref. 23, p. 99)
have emphasized intralabyrinthine conflict as an
especially important factor in production of mo-
tion sickness. The invariant correlation be-
tween information from otoliths and canals in
natural head movements leads me to speculate
that unnatural stimuli that yield conflicting inputs
from these two kinds of labyrinthine sense organs
are especially potent in the production of motion
sickness. The vestibular receptors work on an
inertial principle and provide quantitative velocity
and position data relative to an external fixed
reference system which perceptually is the
Earth. In a natural environment, the adequacy
of reflex actions and perceptions depends upon
the magnitude and direction of angular velocities
and displacements signaled. Inherent in ves-

tibular sensations are both magnitude and direc-
tion. If an unnatural stimulus situation produces
a magnitude mismatch or a directional mismatch
in the sensory signals from the otoliths and
canals, the individual’s reflex actions and per-
ceptions are inadequate to cope with his state of
motion unless the central nervous system either
disregards part of the vestibular input or develops
new compensatory reflexes appropriate to the
situation. In some individuals, motion sickness
is a byproduct of the adjustment to such
situations.

While T have been emphasizing the importance
of intralabyrinthine conflict in the production of
motion sickness, I should not discard the idea
of “overstimulation” of the canals or otoliths
completely. Motion sickness has been en-
countered in several experiments involving pro-
longed simple angular acceleration about a ver-
tical axis (ref. 24, and personal observation).
Angular impulses from a 40-rpm change in angu-
lar velocity produce pronounced dissociation be-
tween nystagmus and sensation in many subjects
and strong secondary effects that interact with
the effects of immediately following stimuli.
There is reason to believe that these interactions
increase the incidence of motion sickness that oc-
curs with these particular stimuli (ref. 24, and
personal observation), but the intensity of the in-
teraction is partially determined by the length and
strength of the preceding canal stimulus. Motion
sickness has also been encountered occasionally
in prolonged sinusoidal variation of angular accel-
eration, and it has been encountered frequently
in sinusoidal variation of vertical linear accel-
eration (ref. 25). In some of these experiments,
periodicity and intensity of stimulation both ap-
pear to be important to the motion sickness that
occurs, and it is possible to raise arguments
that intermodality conflicts were also present.
Whether one chooses to call these situations
cases of conflicting sensory inputs, unfavorable
periodicity, or overstimulation appears some-
what arbitrary.

In summary, it has been my purpose to point
out that conflicting sensory data relating to
spatial orientation from among visual, vestibular,
and somatosensory systems can produce a high
incidence of motion sickness in the absence of
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any strong, long, or periodic stimulus to the
semicircular otolith system. An
argument has been presented for the proposition
that intralabyrinthine conflict is especially potent
in the production of motion sickness, perhaps
more potent than intermodality conflicts between
the visual, vestibular, and somatosensory sys-
tems. It is possible that a functional vestibular
system is necessary to the motion sickness that

canals or

occurs when motion is sensed directly only by
the visual system.

It has not been my purpose to imply that the
idea of overstimulation of the canals or of the
otoliths should be discarded as a factor in motion
sickness. There are several forms of vestibular
stimulation that produce motion sickness without
obvious intralabyrinthine conflict or intermodality
conflict.
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SUMMARY

Among investigators who agree that the vestibular organs are essential in producing motion
sickness, there is either uncertainty or disagreement as to the roles of the otolith organs and the semi-
circular canals which, under natural living conditions, furnish different information in response,
respectively, to linear and angular accelerations. The shifting emphasis on the essentiality of the
two organs is briefly traced, leaving in doubt today the role of the otolith organs formerly regarded as
This doubt has arisen by the demonstration
that nystagmus, easily evoked when the canals are stimulated by angular or Coriolis accelerations,
also may be manifested when a person is exposed to rectilinear accelerations or to “‘rotating linear

essential in the causation of seasickness and airsickness.

acceleration vectors”™ (RI.AV) in the absence of angular or Coriolis accelerations.

Some experimental findings on man are reviewed. In one series, it was demonstrated that, in
highly susceptible subjects, motion sickness may be experienced when the RLLAV is within 4° of the
physical upright. If the canals are indeed stimulated under these conditions, it implies a second
highly effective means of stimulation inasmuch as, under the same circumstances, fluid in a model of
the canals is not disturbed. In a second series of experiments, nystagmus was evoked in subjects
regarded as possibly having residual otolith function, based on the ocular counterrolling test, but
absent canalicular function, based on lack of response to high angular accelerations and to irrigation
of the external canal with ice water.

Although there may be doubt regarding the essentiality of the otolith organs in the genesis of
motion sickness, there is little doubt but that their “influence™ has been demonstrated in weight-
lessness.  Six subjects, symptom free while fixed in their seats during parabolic flight, manifested
symptoms when required to carry out experimenter-paced head motions. Moreover, most subjects
demonstrated a significant change in susceptibility when exposed to Coriolis accelerations under
ground-based and weightless conditions, some manifesting an increase, others a decrease.

While making preparations to study the effect of g-loading on susceptibility to motion sickness,
it was accidentally discovered that a susceptible person subjected to passive rotation with his long
body axis tilted 10° from the gravitational upright readily became motion sick. This early opportunity
was taken to describe the device and to present some preliminary findings illustrating its uses.

INTRODUCTION

The primary etiological role of the nonacoustic
labyrinth in the genesis of motion sickness is
declared by the fact that it is unique among sen-
sory systems in conferring immunity after func-
tion is lost. This recognition of the essentiality
of the labyrinth in no way minimizes the role of

secondary influences which always are present;
specific secondary etiologic factors may increase
or decrease susceptibility or, indeed, may be
facultative in this respect.

Among investigators who agree that the non-
acoustic labyrinth is essential in the causation of
motion sickness, there is still either lack of agree-
ment or uncertainty concerning the individual

53
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and combined roles of the semicircular canals
and the otolith organs. Until these roles have
been elucidated, it may not be possible to pre-
dict with scientific accuracy the susceptibility to
motion sickness in novel force environments. It
is the purpose of this report and the one to follow
to summarize our present position regarding the
etiologic roles of the two vestibular organs in
causing motion sickness; a third report (Walter H.
Johnson, ““Secondary Etiological Factors in the
Causation of Motion Sickness,” this symposium)
will deal with secondary etiological factors.

BRIEF HISTORICAL REVIEW

Historically, the shipboard force environment
was the first to receive serious attention, and the
acceleration patterns of that environment, in-
terpreted in the light of the Mach-Breuer-Brown
theory (ref. 1), seemed to implicate the otolith
apparatus. Thus, when motion sickness was
experienced under mild sea conditions, the linear
accelerations were above threshold value while
the angular accelerations were below 2 to 4 deg/
sec/sec which was then regarded as in the thresh-
old range. Moreover, clinical observations
revealed the absence of nystagmus, which was
regarded as supporting evidence that the semi-
circular canals were either not implicated or, if
they were, played a small etiological role. On
the other hand, the early experimental studies
using vertical oscillations (refs. 2 and 3) and later
studies using horizontal oscillations (refs. 4 and
5) clearly proved that rectilinear accelerations
could readily evoke frank motion sickness in
susceptible human and animal subjects.  De Wit
(ref. 6) in his monograph on seasickness published
in 1953 concluded, ‘“‘Seasickness is caused by
overstimulation of the otolith system.”

"The connection between the otoliths and sea-
sickness was so strongly established that years
elapsed before any doubt was expressed that, in-
sofar as the etiological roles of the vestibular
organs were concerned, there was any difference
between seasickness and airsickness. In the
early days of flight the etiological role of the force
environment was often complicated by hypoxia,
another cause of nausea and vomiting. That the
majority opinion implicated the otolith apparatus

in causing airsickness is shown indirectly by the
impact made by a report (ref. 7) of observations
that motion sickness in flight could be reduced or
prevented by fixation of the head, thus impli-
cating the semicircular canals more than the
otolith apparatus.

Motion-sickness studies using horizontal and
vertical oscillators were reevaluated in the light
of this finding. The angular component in hori-
zontal swings and lack of head fixation in some
experiments using vertical oscillations were
underscored as generators of small angular accel-
erations (ref. 8). Observations on seasickness
were also reevaluated in the light of studies prov-
ing that the thresholds of response of the semi-
circular canals were far lower (ref. 9) than they
were formerly thought to be.

Although there was ample evidence that typical
symptoms of motion sickness could be evoked in
susceptible subjects by thermal stimulation and
angular acceleration (ref. 10) involving the hori-
zontal semicircular canals and by Coriolis accel-
eration (refs. 11 and 12), it was the observations in
the slow rotation room (ref. 13) which strongly
emphasized the predominant etiologic role of the
semicircular canals in causing motion sickness, at
least in this force environment.

Equally important was the evidence pointing
away from the otolith apparatus by calling into
question the validity of the Mach-Breuer-Brown
theory under certain artificial stimulus conditions.
The evidence consisted in the demonstration
that nystagmus can be evoked when a person is
exposed to (1) rectilinear accelerations (refs. 14
and 15), (2) constant angular velocity when rotated
about a coplanar Earth-horizontal axis (ref. 16),
and (3) a rotating linear acceleration vector in
the absence of angular motion (in a counter-
rotating room) (ref. 17).

In addition to studies on man, experiments
using animal subjects with selective injury to the
canalicular system showed reduced or abolished
susceptibility to motion sickness (ref. 18), and
electrophysiological studies revealed what ap-
peared to be canalicular responses to linear
accelerations (ref. 19).

In summarizing this brief review, it is evident
that there has been a gradual shift in the majority
opinion regarding the roles of the two vestibular
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organs in the genesis of motion sickness. The
early experimental studies interpreted in the
licht of the Mach-Breuer-Brown theory seemed to
demonstrate the essentiality of the otolith organs.
Today, the evidence suggests that the canals are
essential organs in the genesis of motion sickness
and, by implication, leave in doubt the role of the
otolith apparatus.

EVIDENCE IMPLICATING THE OTO-
LITH APPARATUS IN THE CAUSATION
OF MOTION SICKNESS

The Counterrotating Room

A counterrotating room (ref. 20) is chosen to
typify the force environment in devices either
not generating angular or Coriolis accelerations
or at least not generating them at the time motion-
sickness symptoms Among 18
healthy subjects with normal function of the
canals as revealed by the threshold caloric test
and normal function of the otoliths as revealed
by the oculogravic illusion test, 11 manifested

. symptoms of motion sickness in the counter-
rotating room (CRR), six did not, and in one the
evidence was in doubt. Two experienced symp-
toms while rotating at 10 rpm, one after 14, and
the other after 30 minutes. At the effective
radius of 2 feet in the room, the rotating gravi-
toinertial vector deviated from the physical up-

Three other

are evoked.

right of the subject by less than 4°.
subjects experienced symptoms while rotating
at 15 rpm for 30 minutes or less, with the rotating
vector less than 9° from the physical upright.
There can be no question that, in these sub-
jects, the otolith organs were stimulated in an
unusual pattern, even at the lower stimulus level,
inasmuch as the stimulus exceeded the thresh-
old of response (ref. 21). Tt is equally certain
that the cupula-endolymph system of the canals
was not stimulated, at least in a normal manner;
the fluid in a glass model was not even disturbed.
If the canals were stimulated at the lower ef-
fective stimulus level, the rotating linear accel-
eration vector evoking symptoms would represent
a second fairly efficient stimulus mechanism,
inasmuch as the accelerative forces involved
were small. If the canals were not stimulated,
the question of the significance of their resting
discharge arises and whether it was modulated by

the unusual input from the otolithic receptors,
and, in this way, would give rise to symptoms.

The fact that nystagmus can be evoked at
higher stimulus levels in the CRR (ref. 20) and
in other devices when angular or Coriolis accel-
erations are absent is a matter of great and con-
tinuing interest and has been reviewed in NASA
SP-115. Although the definitive experiment has
not been performed, nystagmus evoked under
the above conditions constitutes the best evi-
dence that the canals may be stimulated at low
as well as at high stimulus levels.

Experiments on Persons With Vestibular Defects

Labyrinthine-Defective Subjects

Eleven persons with severe bilateral laby-
rinthine defects (I.—D subjects) have participated
in many experiments for a period of over 10 years,
and during this time functional tests have been
conducted on several occasions (table 1) (ref. 22).
None has experienced motion sickness in any of
our laboratory devices (refs. 13 and 20) or in the
air (ref. 23).

were free from symptoms characteristic of motion

During their exposure at sea they

sickness; two occasions in this regard deserve
comment. On one occasion (ref. 24) several of
them had not recovered from a nauseating dose
of sirup of ipecac at the time they were exposed
to turbulent seas in a boat; recovery was unevent-
ful despite the conditions. On the second occa-
sion (ref. 25) during a severe Atlantic storm when
living conditions aboard the ship were abnormal,
one subject (HA) reported “slight nausea—not
gastrointestinal”’; other symptoms checked in
the prepared questionnaire form were not
remarkable under the circumstances.

Based on the clinical findings in these 1.-D
subjects (table 1), it was concluded that some
otolithic function might be left. In six of them
the likelihood of residual canalicular function
seemed to be nil in view of the lack of response
both to ice-water irrigations and to exposure to
high angular accelerations, yet they manifested
nystagmus when exposed to Earth-horizontal
rotation at 12 rpm (ref. 16). The conditions in
the latter experiment were favorable for stimula-
tion of any residuum of the otolithic apparatus,
where differences in specific weight between
the otoliths and surround were great, but not



56 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

TABLE 1. —Clinical Findings in 11 Deaf Persons With Bilateral Labyrinthine Defects

Counterroll
Auricular defects Hearing ! Threshold response, caloric test | index, minutes
of are?
maximum tiht?
Subject Age |- [ S -
Onset
Etiology year, R 1 R I 50° 75°
age
Domich............... 48| Meningitis ........ 13 Nil Nil | N.R.;*10° C, N.R.,, 10°C, 74 74
3 min 3 min
Greenmun........... 48| Mastoiditis........ 12 Nil 160 [NR.....ooooienin NR.... 60 |..oienenens
Gulak................. 26 4% (=145 | =145 [ 10° C, 40 sec..... 10° C, 40 sec..... 76 89
Harper ............... 29 13 Nil Nil | N.R,, 2.8°C, N.R., 2.8° C, 47 53
10 min 10 min
Jordan................ 34 7% Nil Nil [NR.......coooeen, N.R., 3.0° C, 126 176
3 min
Larson ............... 29 6 |=115 | =110 {10°C, 40 sec...... NR.(?) e 73 109
Myers....oooooinnnnns 25; YMeningitis ... ... 8 Nil Nil | N.R,, 2.8°C, 7.9°C,40 sec..... 63 82
10 min
Peterson............. 33 12 Nil Nil | N.R., 2.6° C, N.R.,2.6°C, 21 30
3 min 3 min
Piper................. 26 3 Nil Nil 19.8°C, 10 sec..... Not tested 71 85
(infection)
Steele..voevnininnn. 25 123 | =130 | =135]10.0°C.3 min....| 11.0°C. 3 min.... 110 117
Zakutney ............ 25 34 (=135 | =130 2.8°C, 10 min....| 2.8°C, 10 min.... 22 36
) o I A P R A

! Response to white noise up to 160 decibels.

2 One-half the sum of maximum roll right and left (minutes of arc).
3 Angular displacement of body from vertical in frontal plane.

1 N.R.—No response.

for the sensory epithelium of the canals where
differences in specific weight were very small.
The dilemma is created by the fact that in a
normal person, nystagmus is so easily evoked
by an artificial stimulus to the canals, whereas
in the otolith apparatus the typical response is
a compensatory movement of the eyes.  Henriks-
son (personal communication) believes that on
approaching a critical rate of cyclic stimulation
of the otolith apparatus, compensatory move-
ments might become nystagmic. In any event,
the findings in these .-D subjects demonstrate
a clear separation between evoking nystagmus
and motion sickness.

Partial Loss of Vestibular Function

The fact that persons with loss of vestibular

function are insusceptible to motion sickness
raises the problem of how much loss confers
immunity. In table 2 are shown the relevant
clinical findings in eight persons with abnormal
values on the threshold caloric test (ref. 26)
or ocular counterrolling test (ref. 27), or both.
Interpretation of the findings is made difficult
because of the great individual variance in suscep-
tibility to motion sickness and in ocular counter-
rolling values among clinically normal persons.
The first subject was ““discovered™ fortuitously,
during a demonstration in the slow rotation room
(SRR), when he failed to manifest any signs of
motion sickness during a variety of activities
when rotating at 10 rpm. At that time he was
unable to stand more than a few seconds on one
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leg. About a year previously he experienced
acute symptoms referable to the labyrinth follow-
ing a dive; these gradually declined but per-
sisted over a period of about 2 weeks. There
was no opportunity for systematic tests on the
occasion of his first visit, but 2 years later he
was seen again. The threshold caloric test
values were above normal, and his performance
on the postural equilibrium test battery was
below normal despite the fact that he had been
an exceptionally gifted athlete. After 85 head
motions at 10 rpm in the SRR, he manifested
indicating that susceptibility
was in the normal range. Although the findings
are meager, it is reasonable to conclude that his
susceptibility to SRR sickness had increased in
the 2-year interval.

The second subject was a professional diver
who, during the course of a routine evaluation,
manifested a threshold caloric test value far
above normal on the left side but no other definite
abnormality.  His susceptibility to SRR sickness
was in the normal range.

The third subject, a professional diver, was
seen on three occasions. Aside from a slight
hearing loss, the only abnormality revealed was
a low ocular counterrolling index on two occa-
His susceptibility to motion sickness was

severe malaise,

sions.
within the normal range.

The remaining five subjects were similar in
their lack of susceptibility to motion sickness.
Four had no response to irrigation of the ear with
ice water on one side and varying increases in
threshold level on the opposite side. Tt is note-
worthy that the ocular counterrolling index was
within the normal range in subjects 5 and 7 (table
2).  More information of this kind is needed, but
it would appear that loss of canalicular function
is more critical than loss of otolithic function in
reducing susceptibility to motion sickness.

Experiments in Parabolic Flight

Observations in parabolic flight (ref. 28) have fur-
nished some evidence that the otolith apparatus
plays a role in the genesis of motion sickness even
though this does not demonstrate its essentiality.
Susceptibility to motion sickness was compared
in 15 subjects exposed to Coriolis accelerations in
the weightless phase of parabolic flight and under

ground-based conditions. The accelerations
were generated by requiring the subject to move
his head in a standardized manner while rotating
in a chair device. Susceptibility was measured
in terms of the number of head movements re-
quired at a given angular velocity to evoke severe
malaise.
either increased (eight subjects) or decreased
(sevensubjects), compared with that under ground-
based conditions (fig. 1). When the subjects
were ranked in order of increasing susceptibility
under ground-based conditions, it was found that
this order was preserved under weightless condi-
tions up to subject 7 but not beyond.

Inasmuch as parabolic flight exclusive of the
weightless phase may properly be regarded as a
force environment tending to evoke motion sick-
ness, the reduced susceptibility manifested by
some subjects during the test procedures was
regarded as a conservative valid finding, while in-
creased susceptibility would have to be inter-
preted with caution. The further demonstration,
however, that six subjects experienced symptoms

It was found that susceptibility aloft
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FIGURE 1. —Comparison of Coriolis (motion) sickness sus-
ceptibility of 15 subjects measured in weightlessness and
under terrestrial conditions. 0*: no symptoms, except in
subject HA who experienced moderate malaise (M 11 4) on
only his first test at zero g. (From
ref. 28.)

M III: severe malaise.
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1 Minimal cooling of exit temperature of water (irrigation, 40 sec) causing nystagmus.

2 Decrease over number of e¢ps as indicated.

3 Rotating tilt chair.

4 [ce water.
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FIGURE 2.— Motion sickness susceptibility in zero g. Effect
among six susceptible subjects of active head movements
relative to the restrained condition upon motion-sickness
susceptibility measured in terms of the number of parabolas
required to provoke Malaise 111. (From ref. 28).

while making head motions in the absence of rota-
tion (fig. 2) not only adds to the validity of the
findings indicating increased susceptibility but
also demonstrates experimentally what had been
reported by Soviet cosmonauts (refs. 29 and 30).
It seemed reasonable to conclude that any sig-
nificant changes in susceptibility during weight-
lessness were due very largely to changes in
otolithic modulating influences resulting from the
lifting of the gravitational load.

There is a large amount of other evidence that
canalicular responses are modified by linear ac-
celerations in man (refs. 31 to 33) and that suscep-
tibility to motion sickness is affected by increased
g-loading.

OFF-VERTICAL ROTATION

While making preparations to conduct experi-
ments with the object of determining the in-
fluence of g-loading on susceptibility to motion
sickness, it was found that symptoms were readily
evoked in most normal persons when they were



60 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

passively rotated with the base of a chair device
tilted 10° away from the gravitational upright.
Although a full report is in preparation, it seemed
worthwhile to make a brief account here inas-
much as the off-vertical rotation (OVR) affords
an exceptionally precise means of controlling the
stressful accelerations.

Exposure Device and Procedure

A Stille rotating chair, model RS-3, was
modified (fig. 3) for use as a rotating tilted chair.
It was mounted on a platform which could be
tilted up to 20°, either by means of a hand crank
or an electric motor, and the degree of tilt could
be read from a large protractor. A rigid bracket
was added with provision for supporting and
adjusting both a dental appliance to fix the sub-
ject’s head and a goggle device (ref. 34). The
latter device included a monocular target, con-
sisting of a dimly illuminated line of collimated
light, which the subject could rotate about its
center to indicate the upright or raise or lower
to indicate the “‘horizon”; visual and automatic
readouts were available.

Provision was made for centering the subject’s
head precisely over the center of rotation and

S

FIGURE 3. —Off-vertical rotating chair device; slide mecha-

nisms for positioning subject not shown.

for proper counterbalancing to ensure smooth
rotation at any degree of tilt. The rotation was
programed on a time axis involving periods of
acceleration at 0.5 deg/sec/sec for 30 seconds,
followed by periods of constant velocity for 6
minutes until either the endpoint described below
was reached or 6 minutes at 25 rpm were com-
pleted. In effect, this program represented unit
increases of 2.5 rpm every 6.5 minutes after
the initial step. Thus, the endpoint indicated
that temporal summation of the disturbing
effects had exceeded the capacity for homeostatic
adjustment over a period of time, and this served
as an index of susceptibility. The endpoint also
could be expressed in elapsed time at terminal
velocity.

With each revolution of the OVR device, the
subject’s head also rotated out of phase about the
yaw and roll axes. Thus, while turning at con-
stant velocity, the vestibular organs are exposed
to a rotating linear acceleration vector. The ef-
fects on the paired maculae of utricle and saccula
are unusual in that the horizontal component of
this specific force with respect to the subject con-
tinually changes direction. The question whether
the semicircular canals also are stimulated by
a rotating linear acceleration vector has been
discussed above.

The endpoint used in this series of observa-
tions, “moderate malaise” (M II A), has been
described elsewhere in detail (ref. 35); the diag-
nostic criterion on which it is based is sum-
marized in table 3 (ref. 35).

Subjects

Five of the deaf persons with bilateral labyrin-
thine defects mentioned in table T and 66 normal
males participated. The five [.-D subjects,
28 to 54 years of age (GR, GU, MY, PE, and ZA),
were in good health, and each had participated
in many similar experiments; hence, they were
regarded as sophisticated subjects.

The control group of 66 subjects ranged in age
from 19 to 33 years; 34 of them were in the Navy
aviation officer training program, 30 were Navy
enlisted men, and 2 were Navy medical externs.
All had met the required Navy medical qualifica-
tions and were in good health.
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TABLE 3.— Diagnostic Categorization of Different Levels of Severity of Acute Motion Sickness

Category Pathognomenic, Major, 8 points Minor, Minimal, 2 points AQS,' T point
16 points 4 points
Nausea syndrome......... Vomiting or Nausea 1,2 Nausea I .....| Epigastric discom- Epigastric aware-
retching. I11. fort. ness.
SKIN . ceeee e Pallor IIT ........ Pallor IT........ Pallor T.........ooee Flushing, subjec-

Cold sweating ..............|

Increased salivation
Drowsiness..................

Central nervous system.. ..o

tive warmth, = I1.

| Headache, = 11.
Dizziness:
Eyes closed, = IL.
Eyes open, III.

Levels of Severity Identified by Total Points Scored

Severe malaise
(M IIT)
8-15 points

Frank sickness
(S)

= 16 points

Moderate malaise A
(MII A)
5—7 points

Moderate malaise B
(M II B)
3-4 points

Slight malaise
M)
1-2 points

' Additional qualifying symptoms.
2 [11, severe or marked; I, moderate; I, slight.

General Procedure
Fach subject was carefully instructed in the
This

was important, not only for the observer to

best manner of reporting the symptoms.

estimate the level of severity of the signs and
symptoms but also to avoid overshooting the
endpoint (M I1A4) beecause of the rapid increase
in severity of symptoms once they became
definite.

Under the conditions of this test, the observer
always had a good opportunity to note and record
changes in facial color and expression and the
onset of sweating. The subject was queried
repeatedly and, with the onset of moderate
malaise, the device was quickly tilted to the
upright to abolish the stressful stimuli, and
deceleration effected at the same rate as that of
the acceleration.

In conducting susceptibility tests the subject’s
eyes were covered with a padded shield. Unless
otherwise indicated, normal subjects were
exposed to the programed accelerations de-
scribed above while tilted 10° away from vertical.
This program was altered for the group of L-D

subjects.  On one occasion all except ZA were

exposed for 6 minutes at terminal velocities of
10, 20, and 30 rpm, and all except GU were
exposed on other occasions at 30 rpm for periods
of 10 minutes or longer.

Results
Motion Sickness

Symptoms of all but 6 of the 66 control subjects
reached the endpoint during the “standard”
test, and the variance in their susceptibility is
shown in figure 4. More than half reached the
endpoint at the three velocities of 7.5, 10.0, and
12.5 rpm.

Of the six not reaching the endpoint, three were
available for retesting. Of these, two experi-
enced M ITA when the tilt was increased to 20°,
as indicated by the dotted columns in figure 4.
Under the test as programed, once symptoms
appeared, they waxed rapidly, necessitating
alertness on the part of subject and experimenter
to avoid overshooting the endpoint, as illustrated
in figure 5. This could be prevented by using
another mode; e.g., selecting the velocity at
which symptoms would be expected. None of
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FIGURE 4. — Differences in susceptibility to motion sickness
(endpoint, M Il 4) among 66 subjects exposed to off-vertical
rotation according to the programed stress indicated on the
abscissa; among the six not experiencing symptoms at 10°
tilt, three were available for retesting at 20° tilt. Two of
the three reached the endpoint as indicated by the dashed
lines.

the five L-D subjects experienced symptoms
of motion sickness.

Sensations During Rotation

There were more uniformities than differences
between normal and [.—D subjects in reporting
their perceptions with eyes covered during rota-
tion. During periods of constant velocity, both
[.-D and normal subjects sensed the motion
not as rotation but as if they were revolving,
and, except in a few instances, sensed the direc-
tion as being opposite to that in which the chair
was turning. Although a detailed analysis has
not been made of the cyclic variations in the
subjects’ experiences and the variations from
one experience to another, they were reminiscent
of those experienced in the counterrotating room
(ref. 20). In general, there was a greater
tendency for the L.—D subjects to become
disoriented than was the case for the normal
controls, and there were greater individual
differences among the I.—D subjects in reporting
their subjective impressions with regard to their
orientation to the gravitational upright and in

g

SYwrtow  (EveL

SUSCEPTIIITY KDEX imnites

FIGURE 5.— Demonstrating relatively rapid increases in level
of severity of symptoms among seven subjects varying in
susceptibility to motion sickness when exposed to off-vertical
rotation at 10° tilt.

I
|

FIGURE 6.—Actual recording of a subject’s dynamic settings
of the visual target to the “horizon” (pitch) and the vertical
{roll) during 10° off-vertical rotation at 5 rpm.

the shape of the ‘“envelope” in which they
revolved.

Estimations of Deviations From the Vertical and From
the Horizon

A few recordings have been made of tne sub-
jects” settings using the goggle device described
above. The subject’s task was to maintain the
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dim broken line of light in darkness at the
vertical and the center gap at the level of the
horizon. In figure 6 are shown typical settings
of a normal subject. It is seen that this rather
demanding task was accomplished quite well.
A few normal subjects became “confused” or
“disoriented,” and a larger number performed
poorly. The 1.—D subjects experienced much
more difficulty than normal subjects in making
the settings. One evidence of this was their
need for a greater excursion of arc in setting
the target to the ‘“horizon”; they kept hitting
the “‘stops.”

Comment

The effectiveness of the provocative test just

described for motion sickness is shown by the
small angle of tilt required to evoke symptoms
in 90 percent of subjects available at an air
station. The reliability, i.e., test-retest, was high.
The passive character of the exposure minimized
fatigue, as compared to that experienced when
making active head movements. The scoring
index accurately ranked the subjects inasmuch
as a given value represented the same exposure
history for all. Although only one programed
mode was used, variations could be made to
fit different purposes. The OVR device is
useful in exploring further the visual and non-
visual subjective experience, both in normal
persons and in persons with labyrinthine defects.
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DISCUSSION FOLLOWING ALL OF SESSION I1

Gernandt: What about the splanchnic nerve, Dr. Money?

Money: These nerves are present, but since the animals
after operation failed to vomit to copper sulfate (rather, they
did not fail, but the thresholds were markedly increased by a
factor of 10), it was concluded that the drug was taking the
blood route to the chemoreceptor trigger zone. It was con-
cluded that the viscera was denervated, at least from the
point of view of the vagus nerve and the sympathetic nerve.
As Dr. Gernandt points out, there are other nerves to the
viscera as well. We can take this as referring only to those
which were in fact eliminated by Wang, Chinn, and Renzi.

(Postsymposium note: The sympathectomy as described by
these authors, by removal of the sympathetic chain in one
unbroken thread, would, in fact, divide the splanchnic nerve.)

Waite: Concerning the parabolic flight data presented
early in Dr. Graybiel's paper, I should like to comment that
a Soviet investigator, Yuganov, reported three groups, in-
cluding subjects who demonstrated no change whatsoever.
Does Dr. Graybiel think he might obtain such a group if he
were to test a greater number of subjects?

Graybiel: T would think so. We did find a bimodal dis-
tribution, not a complete separation into two groups. These
findings are suspect because in parabolic flight there is the
high-g pullup and pullout which may influence suscepti-
bility to motion sickness in the weightless phase. But we
used subjects who were familiar with this maneuver and for
the most part were not bothered in standard parabolic
flights. They were rotated just during the weightless period.
I believe that, qualitatively, our findings will stand up. 1
think the evidence that the nystagmus runs on for a much
longer time in weightlessness also tends to indicate the in-
fluence probably of the otolith apparatus on the canal
response.

Schiff: My comment is on Dr. Money’s paper and relates
to work done at the Army Chemical Research Center some
time prior to my retirement from the Navy. We performed
a series of experiments in which, in the first case, we injected
diisopropyl fluorophosphate (DFP) or some analog which
destroyed the acetylcholinesterase. As soon as this oc-

curred, the animal would walk in circles, the so-called
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In another cal we put cocaine next
The animal would again walk in

adversive syndrome.
to the round window.

circles. Then we put the G-agent or DFP against the round
window. This substance permeates most tissues highly

effectively.  No circular motion occurred in the animal.
The conclusion would seem to be that it was a central phe-
nomenon, since the acetylcholinesterase exists in the brain
portion  As far as in the peripheral labyrinth is concerned,
acetylcholinesterase exists as a result of the efferent system,
From an

afferent point of view, the animal did not walk in circles,

but we have no way of measuring efferent effect.

which meant there was no acetylcholine involved.

Baldes: Dr. Graybiel, have you tilted your seat 10° for-
ward from the vertical?

Graybiel: The base of the chair is 10° away from the
As it rotates, a person in the chair changes his
position all the time. We call it off-vertical rotation. I
would like to ask Dr. Money a question regarding the use of
vomiting as an endpoint or the guiding system in motion
Vomiting is not an initial cardinal symptom of
By the

lime vomiting occurs, many preceding events have taken

vertical.

sickness.
motion sickness; in my opinion it is a complication.
place. The initial cardinal symptoms are such manifesta-
lions as sweating, pallor, drowsiness, and stomach aware-
ness.  In another paper | have shown a hygrometer recording
demonstrating that, as a result of one single head movement
in the slow rotation room, there is a slight increase in sweat-
ing and a little change in finger temperature (ref. 9 of text).
These changes occur very quickly indeed, whereas, vomiting,
as Dr. Money pointed out, is usually a rather late symptom
unless the siress is extremely severe.

Money: Of course, there are many other things besides
vomiting that go with motion sickness. However, I meant
to point out that I see motion sickness as basically a mys-
It happens even
in fish. It happens in man, monkeys, cows, horses, and dogs,
and why should such an antiteleological phenomenon occur
When that question is an-

tery. It is an anomaly, or what have you.

in so many different species?
swered, the essence of motion sickness will be understood.
Although there are more sensitive indicators than vomiting,
I believe that vomiting is the only part of the motion-sickness
syndrome that is common to all the species which have motion
Therefore, 10 attack the problem of motion sick-
ness, you have to consider the element common to all the

sickness.

species, and that is vomiting.

The autonomic effects that you mentioned, salivation and
pallor. are normally controlled by the autonomic nervous
system, but it has never been shown as far as I know that, in
motion sickness, it is the autonomic nervous system which
is effecting these changes. Tt might be, but it is just possible
that the pallor, salivation, and sweating are caused by a
circulating chemical that is not related to the autonomic
transmitters.

Lowenstein: Dr. Guedry placed emphasis on internal
labyrinthine conflict.  Why do many people show minimum
disturbance in weightlessness when semicircular canal and

missing otolith effect seem to contradict each other in weight-

lessness; or is it that we have so far only tested people who
are habituated?

Guedry: Probably T should say 1 cannot answer your
question. It seems to me that we are not exactly sure how
that otolith system is responding during weightlessness.
We may be stimulating the canals and otoliths with head
movements, but the otoliths would be stimulated differently
than in a lg environment. However, their sensory input
would not necessarily be in direct conflict with that of the
canals. If the astronauts were in a rotating vehicle, head
movement near the axis of rotation would not necessarily
produce conflict of the kind T pointed out between the
This also applies to a weightless
If the

otolith effect is simply missing as you suggest, then the

otoliths and the canals.
situation which does not involve a rotating vehicle.

axis of rotation signaled by the canals during head move-
ments is not in direct conflict with any specific information
from the otoliths.
referred in our experiments, head movements produced di-
rectional information from both the canals and the otoliths,
and the directional information from these two sources was

In the rotation situations te which I

incompatible. However, we must also keep in mind that head
movements during weightlessness do induce nausea in some
individuals, as Billingham reported at the second symposium
in 1966 (John Billingham: “Russian Experience of Problems
on Vestibular Physiology Related to Space Environment,”

NASA SP-115, 1966. pp. 5-11).

Waite: Dr. Money, would you care to postulate a function
for the somasomatic synaptic connections between the
vestibular nuclei and the dorsal vagal nucleus which have
been described variously over the past few years, especially
by Malcolm Carpenter?

Money: No, I could not postulate a function; but, inasmuch
as vagotomized dogs gel sick as easily as most dogs, T do
not think it is impertant for motion sickness.

Barber: Can you speculate, Dr. Money, as to a phys-
jological or perhaps phylogenetic purpose for motion sick-
ness? There may be one, since it occurs in so many orders
of life. Secondly, can you reconcile your views of chemical
stimulation of the chemoreceptive emetic trigger zone to
variations in susceptibility to motion sickness?

Money: For whatever reason, there is individual varia-
tion in susceptibility. If it is a matter of direct neuronal
mechanism or connection, there would be a variation of that
kind, or a variation in the rate at which an emetic chemical
is produced or destroyed. Why some individuals would
have such a mechanism and others a different one, I have no
idea. The basic philosophical notion of motion sickness is
something I have given some thought to and have come up
with nothing. There seems to be no survival value in vom-
iting in response to motion, and there is no survival value
The only wild idea I
had that was consistent with the fact is that it is just possible

in becoming pale or sweating either.

we had a sea-dwelling ancestor who did derive some sur-
vival value from a vomiting response to motion such as in
shallow water or something like that; and we just inherited
this, and it ix therefore a vestigial mechanism.  But that is

just a speculation.
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Whiteside: My question, perhaps rather a comment, is
directed to Dr. Guedry in regard to the conflict situation
which he refers to in the vestibular labyrinth itself. T would
have thought that there were indications that the conflict
would have to be hetween different modalities, because
although you can produce a conflict in the visual sense alone,
for example, by the waterfall illusion, that situation does not
produce nausea, certainly not in me, and I think not in any-
one else, nor does it produce any discomfort of any nature.
I would have thought, therefore, that the internal inter-
modality concept was probably the better one.

Guedry: This is something that we will not settle today;
but, certainly without any visual input and with simply a
few head movements in darkness, you can make people
pretty sick fairly quickly. T would argue, and this is nothing
but an argument, that the vestibular system gives vectorlike
We are given directional information as well
The canals seem to locate the
angular velocity vector relative to the skull. Now, if the
canals respond only to angular acceleration, as is generally
believed, then the canals cannot possibly locate the axis
of rotation relative to gravity, but the otolith system certainly

information.
as magnitude information.

could.

In the situations | described, the otolith system would
indicate one axis of rotation relative to the skull, while the
canals would indicate a different axis of rotation relative to
the skull. The directions indicated would be incompatible.
I do not want to say that is the only thing that produces
motion sickness in all situations, but I think that an intra-
labyrinthine conflict of this kind may be a primary cause of
motion sickness in the situation to which I referred.

Parker: Returning to the question of autonomic nervous
system Involvement in motion sickness, I would suggest
that perhaps we can get at individual differences in sus-
ceptibility to motion sickness by studying the autonomic
responses. Autonomic-response characteristics may indi-
cate individual predispositions to respond to stress in general
and to motion-sickness-inducing stimuli in particular. If
this approach is valid, why have autonomic nervous system
response measurements not given us any information pre-
viously? I think we are just beginning to get some under-
standing, through the work of people who identify them-
selves as psychophysiologists, of some properties of the
autonomic nervous system. [ think we are seeing three or
four concepts which might be valuable for investigating
individual differences in motion sickness. These concepts
include the autonomic balance which has been explored by
Wenger. He has suggested some relation to motion sickness
with this measure and has developed quite precise measuring
techniques. .

More interestingly, l.acey has developed a concept called
response stereotypy; some people are very rigid in the man-
ner in which they respond to various stresses, whereas other

people are quite random in the kinds of autonomic responses
they give, even to the same stress.

Another concept might be autonomic precision. Here |
refer to a sort of damping phenomenon. For example, you
produce changes in heart rate as a function of exposure
to a stress and, in some individuals, a great deal of rebound
may be exhibited; i.e., they go from a high heart rate to well
below their homeostatic level. We could suggest, perhaps,
that individuals may be differentiated along a scale of pre-
We could suggest that they may be differentiated
We could suggest that indi-

cision.
along a scale of stereotypy.
viduals may be differentiated along a scale of autonomic
balance. By locating individuals within this hypothetical
multifactor space, through appropriate testing, we might
be able to predict some individual differences in motion
sickness susceptibility.

Torok: Autenomic nervous responses to strong vestibular
stimulation have been known for a long time. There is not
As to the meaning, the
reason, or the philosophy of these reactions, they may be
considered to be alarm reactions to extreme stimulation or
abuse. The parasympathetic system particularly is known
to serve and function in such capacity in general physiology.
Autonomic responses do not occur during physiological

much doubt that such reactions exist.

stimulation, but will be manifest only when the stimulation
strength is above physiological level or when the receptors
are abused. Such a totally unphysiological abuse occurs
during motion sickness.

Dr. Money tries 1o prove that vomiting is not necessarily
an autonomic nervous response in motion sickness. He
speculates that it might be a direct vestibulomuscular
response through intercostal nerve stimulations, for instance.
Certainly, the intercostal musculature is involved along
with the diaphragm and the abdominal muscles in vomiting,
but these are rather secondary 1o the antiperistalsis which, in
turn, is the autonomic effect elicited by vestibular abuse.
This is not a unique phenomenon but rather the role of the
autonomic nervous function in the entire general physiology.

Money: I disagree that the autonomic nervous system is
important to the vomiting of motion sickness. Perhaps
Dr. Borison can outline the evidence for this, but it is a matter
of controversy whether there is any antiperistalsis whatever
in vomiting. Certainly, vomiting occurs quite normally in
animals essentially lacking the autonomic nervous system
altogether. This is not to say that the autonomic nervous
system cannot be used as a valuable index of something that
is going on somewhere else in the body; but nevertheless,
except in frogs and fishes, antiperistalsis is dispensable
for vomiting and it is not the essential thing. The essential
force for expulsion in mammals comes from the respiratory
musculature and the abdominal-wall musculature. Per-
haps we could submit this to Dr. Borison for mediation.



SESSION I11

Chairman: THOMAS C. D. WHITESIDE

R.A.F. Institute of Aviation Medicine
Farnborough, England






The Semicircular Canals as a Primary Etiological Factor in

Motion Sickness'

EARL F. MILLER II
AND

ASHTON GRAYBIEL

Naval Aerospace Medical Institute

SUMMARY

Data are presented which support the view that the semicircular canals can act as the essential
factor for the production of motion sickness and the evocation of symptoms characteristic of this
malady in the absence of “motion.” Quantitative grading of acute symptoms demonstrated that
motion sickness can be evoked by stimuli which are at once adequately provocative and unique for
the canals. These results are compared with those of two provocative tests that introduce Coriolis
forces and with one that generates a rotating linear acceleration vector when human subjects are
exposed in rotating devices.  Wide interindividual differences but only slight intraindividual differences
among the six provocative test conditions are revealed. The pattern of symptoms manifested by the
aroup of 10 subjects at the test endpoint, moderate malaise, is also similar among these tests,

The fact that typical symptoms of motion sickness (M IIA endpoint) were produced by bithermal
irrigation as well as simple angular acceleration in several subjects representing a wide range of
susceptibility adds to the evidence that the semicircular canals can act as the primary etiological

factor in this malady.

INTRODUCTION

This report is intended to complement the
preceding one by centering attention on the in-
dividual role of the semicircular canals in the
etiology of motion sickness. The presentation
falls into two main parts, the first demonstrating
the essentiality of the canals and the second
comparing susceptibility to symptoms charac-
teristic of motion sickness in the same subjects
when the canals only, the otoliths primarily, and
when both organs of equilibrium are stimulated
simultaneously.

Some evidence that the canals are the primary
etiological factor in motion sickness has been

'This study was supported by Contract T-81633, Bio-
medical Research Office, Manned Spacecraft Center, and
by Order R-93, Office of Advanced Research and Tech-
nology, NASA.

furnished by animal and human studies. Money
and Friedberg (ref. 1) reported that confirmed
inactivation of all six semicircular canals by
plugging eliminates motion sickness in suscep-
tible dogs, at least to the same extent as does
bilateral labyrinthectomy of these animals.
None of four patients treated for Ménieére’s
disease with streptomycin sulfate experienced
the nausea syndrome while carrying out the Dial
test or during exercises to habituate them to
the oculogyral illusion (ref. 2). The vestibu-
lometric testing of these individuals revealed
great suppression of semicircular canal function,
but sparing of various amounts of otolith func-
tion. In two patients this was within normal
range, although there was a probability that
some loss of otolith function had nevertheless oc-
curred. The history of motion sickness was
not helpful; these patients had not experienced

69
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much motion sickness prior to the therapy,
but, on the other hand, none had been exposed
to very stressful force environments. Still the
argument that motion sickness cannot occur
without at least some residual function of the
semicircular canals remains unchallenged.

Historically, several investigators have dem-
onstrated, for the most part in an incidental
manner, that specific stimulation of the canals
by caloric irrigation and simple angular accel-
eration can evoke vegetative reactions in man.
Schmiedekam and Hensen as early as 1868
(ref. 3) recorded that filling the external auditory
canal with cold water produced dizziness, nausea,
and vomiting, whereas water of near body
temperature did not have this effect. Calori-
zation has been employed by several investi-
gators for determining motion sickness suscepti-
bility (refs. 4 to 7).

Barany (ref. 8) reported that his now classical
clinical method of evoking nystagmus by rotating
a patient 10 times in approximately 20 seconds,
then suddenly stopping him, only infrequently
provoked nausea. “Impulse” braking of lesser
intensity used for example in certain cupulo-
metric techniques can also evoke vegetative
reactions (refs. 5 and 9), but this response would
only be expected in individuals with fairly high
susceptibility. Increasing the rate of angular
acceleration, as was done in the present study,
markedly increases the incidence of motion
sickness and thus its adequacy as a test of sus-
ceptibility for general use. Rates within or above
the range of this study have been employed in
cupulometric studies but not repeatedly for the
purpose of studying susceptibility. These ob-
servations illustrate that if a provocative type of
motion is used as the stimulus, its effect in terms
of motion-sickness production is dependent upon
the strength of the forces involved, within defi-
nite limits and, of course, the level of the sub-
ject’s susceptibility. The selection of an ade-
quately provocative type of motion from among
the wide variety available to the investigator
who desires to develop a laboratory test of motion-
sickness susceptibility is quite another matter.
In most cases this process is either based upon
information gained from ‘natural” environ-
ments or empiric data, since the major factor

is not the vestibular stimulus intensity but its
pattern whose effectiveness is difficult to predict
(ref. 10). For example, relatively small forces
which, with a particular patterning may be well
tolerated in one situation, with another, may be
surprisingly provocative. Recently it has been
shown that even ordinary head movements in
near weightlessness can produce motion sickness
(ref. 11).

Complex temporal and spatial patterns of
vestibular stimulation can be generated by active
or passive movement of the subject’s head
while he is being rotated at a constant velocity.
This procedure has been shown by numerous
investigators to be highly provocative, even at
low rotational rates (refs. 12 to 15), but unlike
the two general methods of canalicular stimu-
lation already described, it provides otolithic
stimulation as well.

PROCEDURE

Subjects

The subjects used in the intertest compari-
sons were ten young Navy enlisted males, 19 or
20 years of age. Each had passed the standard
medical examination required by the Navy De-
partment and was in excellent health at the time
of these tests. In addition, each manifested
normal vestibular function as determined by
specific tests of otolithic (refs. 16 and 17) and
semicircular canal function (ref. 18). The addi-
tional subjects cited in this report have been
described in other communications (preceding
paper, this symposium, entitled “The Otolith
Organs as a Primary Etiological Factor in Mo-
tion Sickness: With a Note on ‘Off-Vertical’
Rotation,” by Graybiel and Miller; ref. 13; and
Miller and Graybiel, unpublished data).

Methods

In each of the tests herein described, the
vestibular stressor level was adjusted so that it
was subjectively and objectively equivalent
among all subjects as indicated by the common
manifestation of a definitive level of moderate
(M TIA) or severe (M III) malaise (ref. 19). The
M IIA and M III endpoints as well as other
diagnostic malaise levels were quantitatively
determined by specific diagnostic criteria which
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are outlined in table 1. This set of ground rules
has placed the study of motion sickness in this
laboratory on a highly workable, standardized,
and quantitative basis. Moreover, it has per-
mitted the reliable measurement of susceptibility
using premonitory signs and symptoms without
resorting to the classical pathognomonic endpoint
of vomiting or retching. In fact, in this investi-
gation as well as in others currently being con-
ducted, M IIA, a condition in which even mild
nausea is a rare occurrence, served success-
fully in defining susceptibility (E. F. Miller II
and A. Graybiel, “Comparison of Five Levels of
Motion Sickness Severity as the Basis for Grading
Susceptibility,” in preparation). A tally sheet
(shown as an appendix) was used to score the
specific signs and symptoms of motion sickness
as they appeared in each test; this aid permits
even an observer with minimal training to record
the symptomatology, sum corresponding point
values, and end the provocative stimulation upon
reaching the desired criterion (ref. 13).

The order of testing varied among the sub-
jects as listed in table 2; the time interval
between tests of an individual was at least 24

hours. The first two methods to be described

were experimental probes; the others are used
routinely in this laboratory.

Angular Acceleration Susceptibility (AAS) Test

The subject was rigidly fixed in an upright posi-
tion with his head and neck held firmly by a fiber-
glass mold and centered approximately over the
axis of rotation of a special motor-driven Barany-
type chair. The subject’s eyes were open and un-
covered. The test was initiated (time zero) by
rapidly accelerating the chair within approxi-
mately 4 seconds (~90%sec?) to a velocity of
30 or 60 rpm which was maintained until 150
seconds had elapsed. The choice of maximum
chair velocity was dependent upon the sub-
ject’s level of susceptibility. It was found that
the more susceptible individuals could not sustain
the initial acceleration to 60 rpm without mani-
festing very rapidly appearing and severe symp-
toms; these individuals were retested at 30 rpm
(~ 45°/sec?) (table 2). Following the constant-
velocity phase, the chair was decelerated to a stop
within approximately 4 seconds. The chair
remained stationary until the accumulative time
totaled 300 seconds; this inactive phase was

TABLE 1.— Diagnostic Cuategorization of Different Levels of Severity of Acute Motion Sickness !

Category Pathognomonic, Major, Minor, Minimal, 2 points AQS.2 1 point
16 points 8 points 4 points
Nausea syndrome .......... Vomiting or Nausea II, ITI3..| Nausea I ....... Epigastric Epigastric
retching. discomfort. awareness.
SKin. oo Pallor III.......... Pallor IT........ Pallor I.................. Flushing/subjective
warmth > II.
Cold sweating.............foi [ 1 DO | ) OO Y DO
Increased salivation.......{.......... | 5 ) ) G R
Drowsiness.....ooooovervie i | | § e
Headache =11.
Central nervous system ...} .......coooonnn o i e Dizziness:
Eyes closed, = II.
Eyes open, III.

Levels of Severity Identified by Total Points Scored

Frank sickness Severe malaise

Moderate malaise A

Moderate malaise B Slight malaise

(S) (M III) (M I1A) (M IIB) M1I)
= 16 points 8-15 points 3-4 points 1-2 points

5-7 points

"From ref. 19.
2 Additional qualifying symptoms.
3111, severe or marked; II, moderate; I, slight.
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introduced to allow for any lag in the appearance
or intensification of the diagnostic symptoms.
The 300-second procedural cycle (acceleration,
constant velocity; deceleration, static hold) was
repeated up to 20 times or until the subject
exhibited M TIA. If the test were terminated
during a dynamic procedural phase, the chair was
slowly decelerated (0.5°/sec?) to a stop. The
accumulative test duration served as the index
of susceptibility to motion which involved simple
angular acceleration without any significant
gravitoinertial force changes.

Concern has been expressed that rates near
or above those provided by the Birany method
can damage the labyrinths (ref. 20). Arslan
argued that such accelerations which can be
greatly exceeded in ordinary head movements
probably do not harm the cupula (ref. 21) and
suggested the possibility of central adaptation
in the decrease in the duration of nystagmus
and sensation of rotation. There was no op-
portunity in the present study to test the after-
effects, if any, of the multiple exposures to rapid
angular acceleration in the AAS test which with
the exception of one subject was the final one
administered. Such a possibility should be
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carefully explored before this method is em-
ployed routinely.

Bithermal Irrigation Susceptibility (BIS) Test

By strict definition, any test employing caloric
irrigation does not, at least in any direct way,
measure motion-sickness susceptibility since
the subject remains stationary. However,
cupular deflection is accomplished, and the
effect in terms of subjective sensations and
attendant symptoms closely resembles that
which can be induced by accelerative forces.

A version of the Fitzgerald-Hallpike method
(ref. 22) has been used as a provocative test. It
has also been our experience that the stimulus
conditions of this particular test are occasionally
sufficient to elicit symptoms to the point of in-
validating any subsequent test of susceptibility
made on the same day. To increase its provoca-
tive effect for more subjects, we irrigated both
ears simultaneously, one at the higher, the other
at the lower temperature level. In this test the
subject was seated upright in a stationary chair
with his head firmly secured by straps and a head
rest. He was instructed in the use of hand sig-
nals which the experimenter used to question

TABLE 2. —Motion-Sickness Susceptibility as Measured by the 6 Experimental Conditions

Angular Bithermal Bithermal Coriolis Coriolis accel- Off-vertical
acceleration irrigation, irrigation, acceleration, | eration, slow rotation
eyes open eyes closed | rotating chair | rotation room
Subject - —t -5 — o Test
order
Score, Score, Score, Score, Score, Score,
Rank [time/RPM,| Rank|{ time, 'Rank | time, { Rank | CSSI | Rank| RPM/HM! | Rank | time,

sec sec sec sec
SY........ 2] 41/30 | 1 26 1 35 1 1.9 1 7.5/20 620 | 4-5-6-2-3-1
JE......... 2 240/30 | 6 156 2 89 7 9.0 9.5 20.0/40 1 325 | 4-5-6-2-3-1
JA... 3 340/30 | 5 134 9| 315 2 64 3 7.5/35 5 1280 | 54-6-2-3-1

95/60
HR........ 4 180/60 | 3 119 3| 115 4 74 2 7.5/30 6 1755 | 5-4-2-6-3-1
HB........ 5 460/30 | 4 124 4| 130 3 6.8 4 10.0/30 4 970 | 4-5-6-2-3-1

185/60
HE........ 6 187/60 | 8 180 6| 200 8 94| 7 15.0/30 7 1790 | 5-6-2—4-3-1
RO........ 7 374/60 | 9.5 360+| 10| 360+, 5.5 82| 5.5 10.0/50 2 550 | 4-5-6-1-3-2
HU........ 8 420/60 | 2 105 5] 180 5.5 8.2} 55 10.0/50 8 2075 | 5-6-1-2-3-1
DA........ 9 605/60 | 7 172 8| 295 9.5 240 95 20.0/40 10 3720 | 4-5-6-3-2-1
DI........ 10{ 1080/60 | 9.5 360 + 71 207 9.5 240 8 15.0/45 9| 3675 |4-56-3-2-1

"Head movements,
2 Most susceptible,
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the occurrence of specific diagnostic symptoms
during the binaural irrigation. The test was
initiated with the simultaneous introduction of a
stream of warm water (44° C) into the right and
cold water (30° C) into the left external auditory
canal. A constant flow rate of 6 cc/sec into
each ear was maintained until acute signs and
symptoms indicated M ITA or an arbitrary time
limit of 6 minutes was reached. The water
temperature was maintained within =0.1° C of
the stated values. The procedure was varied
by either having the subject’s eyes closed
(BIS E/C) or eyes open (BIS E/O), conditions
which will also be described in the following
text by eyes covered or eyes uncovered, respec-
tively. The duration of the irrigation period in
seconds served as a convenient index of motion-
sickness susceptibility as measured by this
method.

Coriolis Acceleration Susceptibility (CAS) Test

Chair

The experimental apparatus (Stille rotational
chair) and procedure for a standardized and
highly reliable laboratory test of susceptibility to
Coriolis forces are diagramed in figure 1 and
described in detail in another report (ref. 13).
It was found early in this test’s developmental
program that one rate of rotation could not be
used to scale the wide range of individual dif-
ferences in this susceptibility, and chair velocity
had to be introduced as an additional parameter.
The stressor effect of a standard head tilt as a
function of chair velocity was measured in an-
other study (Miller and Graybiel, unpublished
data) by determining among several subjects the
number of head tilts required to elicit a common
malaise level (M IIA and M III) at each of sev-
eral different chair velocities. Individually, the
regularity of this function was limited to rota-
tional rates above a critical amount. When the
rpm was reduced below this amount, there was
characteristically a sudden marked increase in
the subject’s capacity for making head move-
ments without evoking symptoms, as would be
predicted from the results of testing at higher
velocities. These findings indicated the pos-
sible influence and the limits of physiological
mechanisms for adjusting to motion stress which

are expressed as the individual’s functional
vestibular reserve (FVR) (ref. 23). One inter-
pretation of the critical FVR value is that it rep-
resents a limit of an individual’s ability to make
homeostatic adjustments, perhaps in the form
of inhibiting irradiation of vestibular activity to
neural centers involved in the genesis of motion
sickness. If the chair rpm were lower than indi-
cated for the individual's FVR, neurovegetative
symptoms apparently would not appear no mat-
ter how long this test were continued. The con-
cept of FVR is of great practical significance in
training and habituating astronauis for space
flight (ref. 23), but in this and other tests of sus-
ceptibility it is important that the vestibular
stressor level be in excess of the subject’s FVYR
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FiGURE 1.— Diagram of the standardized procedure for making
each sequence of head movements to and from tilt positions
I through 5 during clockwise and counterclockwise rotation
of the chair.
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in order to obtain a valid calibration of his
susceptibility.

Attention was given in the design of this test
to factors which reduce or, if possible, eliminate
habituation. Moving the head in different direc-
tions for a limited number of times, covering the
eyes, and if the test were repeated, reversing
the direction of rotation (CW, CCW) were pro-
cedures introduced to increase the complexity
of the stimulus, to decrease experiential factors
and thereby reduce the subject’s ability to habitu-
ate to the test conditions. Furthermore, a chair
velocity which would stress the individual at a
level above his functional vestibular reserve
was carefully selected. These procedures prob-
ably contributed to its high test-retest reliability
(refs. 11 and 13).

The subject was secured in the rotary chair and
blindfolded. While stationary, he demonstrated
the head-movement sequence. After the sub-
ject returned to an upright position, the chair
was rotated clockwise or counterclockwise at an
acceleration rate of 5°/sec? until one of the several
programed constant velocities (2.5, 5.0, 7.5, 10.0,
12.5, 15.0, 20.0, 25.0, 30.0 rpm) was reached. At
no less than 60 seconds thereafter, the first head
movement sequence was begun. Coriolis accel-
eration was then introduced by having the sub-
ject bend his neck and upper body as necessary
to effect approximately 90° positive and negative
movements of his head (and vestibular apparatus)
from its upright position within the frontal and
sagittal planes according to the following pattern:
forward, upright, pause; rightward, upright,
pause; backward, upright, pause; leftward, up-
right, pause; forward, upright, rest (fig. 1). Each
of the movements to a new position or the return
to upright was executed smoothly over a 1-
second period. A taped recording directed and
standardized the temporal sequence of head
movements.

The pauses between movements were of the
same (l-second) duration with the final pause
(rest) lasting for 20 seconds. The rest duration
was found to be short enough so that any appreci-
able recovery from previous stimulation did not
occur. On the other hand, it was sufficiently
long to query the subject fully and to observe
closely for signs of malaise appearing on his face

as well as to allow for the lag in the appearance
of motion-sickness symptoms after each exposure
to the head movement sequence. Immediately
upon reaching the M ITA level the head move-
ments were terminated, the subject returned to
his upright position, and the chair was slowly
decelerated (0.5°/sec?) to a stop.

The level of motion stress imposed upon each
subject had to be such that his symptoms would
develop rather gradually in order that the ob-
server could readily differentiate and sequentially
register them; furthermore, it was of great prac-
tical importance to avoid overstimulating the
subject to the point of extreme nausea or vomiting
(frank sickness). For this reason, the “motion
experience questionnaire” was developed as a
guide for selecting the proper chair rotational
rate for testing each subject (ref. 13). Table 3
lists the best estimate of the chair’s rotational
test rate (rpm) which we so far have been able to
gain from the average level of experience X and
intensity of symptoms S which the subject reports
in this questionnaire. The table’s usefulness is
demonstrated by the fact that, in approximately
4 out of 5 cases among 250 subjects, it predicted
an rpm which yielded the malaise criterion within
the limits of 40 to 166 head movements on the
first trial (ref. 13). Only one additional test was
usually necessary to calibrate those individuals
who were tested with an incorrect rotational rate.

It is our experience that when M IIA or M III
occurs within a limited range of head movements
(ref. 13), the signs and symptoms develop
regularly and gradually without exceeding the
chosen criterion level. If the number of head
movements required falls outside this range,
the test is considered invalid, and the subject
is retested after at least 48 hours have elapsed,
with the rpm adjusted in accordance with his
initial response. If the M IIA criterion is not
reached at this limit of 150 head movements when
30 rpm is used, the test is stopped and the results
used as evidence that the individual was essen-
tially immune to motion sickness.

With regard to the physical forces present, the
amount of Coriolis stimulation with the set pattern
of head movements was found to vary directly
with the rotational rate of the chair (Miller and
Graybiel, unpublished data). The average
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TABLE 3. —Table of Rotary Chair Test Velocities Found To Be Most Often Associated With the Various
Average Coded Experience X and Symptoms S Levels Reported in the Motion Experience Questionnaire

Symptoms S
M IIT
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Experience X:
0.5, e '10.0 10.0 10.0 10.0 10.0 10.0 10.0 7.5 5.0 5.0 5.0
100 12.5 12.5 10.0 10.0 10.0 10.0 10.0 7.5 5.0 5.0 5.0
1.5 12.5 12.5 12.5 10.0 10.0 10.0 10.0 7.5 7.5 5.0 5.0
2.0 12.5 12.5 12.5 12.5 12.5 10.0 10.0 10.0 7.5 5.0 5.0
D YOO 12.5 12.5 12.5 12.5 12.5 12.5 12.5 10.0 7.5 5.0 5.0
3.0 15.0 15.0 12.5 12.5 12.5 12.5 12.5 12.5 10.0 7.5 7.5
3D 20.0 15.0 15.0 15.0 12.5 12.5 12.5 12.5 10.0 7.5 7.5
4.0 . 25.0 20.0 15.0 15.0 15.0 15.0 12.5 12.5 10.0 7.5 7.5
O 30.0 25.0 20.0 20.0 20.0 15.0 15.0 12.5 10.0 7.5 7.5
5.0 e 30.0 30.0 25.0 25.0 25.0 20.0 15.0 12.5 10.0 7.5 7.5

! Rotary chair velocity (rpm).

stressor effect (E-factor) of a single head move-
ment which was determined for each of the test
velocities and malaise criteria (ITA and III) is
presented in table 4 (Miller and Graybiel, unpub-
lished data). With these values a measure of
each individual’s susceptibility, referred to as
his Coriolis Sickness Susceptibility Index or
CSSI, is simply calculated by multiplying the ap-
propriate E-factor associated with the chair’s test
velocity and malaise criterion by the number of
head movements NV required to elicit the selected
malaise criterion:

CSSI=EXN

Slow Rotation Room

The dial test conducted on the Pensacola Slow
Rotation Room (SRR) has been described else-
where (ref. 14). Essentially, it involves dials
which are positioned around the subject such that
he is forced to make head movements, which are
out of the plane of the slowly rotating room, when
resetting these dials according to taped instruc-
tions. Twenty sequences of five head move-
ments are made in a single successive series of
trials at 5.0, 7.5, 10.0, 15.0, 20.0 rpm or until M IIT
develops. Unlike the other tests, the patterning
and progressive buildup of symptoms up to this
endpoint were not recorded and therefore could
not be compared. The test results are expressed
in terms of the number of head movements
executed at the rpm level which produced M II1.

TABLE 4. — Average Stressor Effect (E-Factor) of ¢
Single Head Movement for Each of the Test
Velocities and Malaise IIA and Il Criteria

Test velocity, rpm MIIA! MIIT?
300, i 0.67 0.60
250 i .48 43
20.0. i .33 .28
) .205 .165
12.5. e 150 118

.105 .078
. .064 .046

5.0 e 032 021

D S, 010 006

1.0 s 1002 001

1150 head movements at 30 rpm=100.0.
2166 head movements at 30 rpm =100.0.

Off-Vertical Rotation (OVR) Susceptibility Test

This method was described in the preceding
report (this symposium, Graybiel and Miller).
The subject sat upright in a Stille rotary chair and
his eyes were covered with a padded shield. The
chair was tilted so that its rotational axis was
displaced 10 degrees from the gravitational
vertical (fig. 2), then accelerated slowly (0.5°/
sec?) for 30 seconds to reach and maintain for a
period of 6 minutes the constant velocity of 2.5
rpm. Continuing from this velocity level, the
same sequence of slow acceleration, followed by 6
minutes of constant velocity, was repeated in
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S

FIGURE 2.—Diagram of apparatus used in the off-vertical
rotation test.

succession for levels of 5.0, 7.5, 10.0, 12.5, 15.0,
17.5, 20.0, 22.5, and 25.0 rpm.  With the onset of
M IIA the chair was quickly returned to its up-
right position, which ended all provocative stim-
ulation, and then the rotation was slowly (0.5°/
sec?) halted.

RESULTS AND DISCUSSION

The results are summarized in table 2 which
lists each subject’s score expressed in terms of
magnitude of the stimulus and duration of its
application and corresponding rank order of
motion-sickness susceptibility as determined with
each of the test procedures. As indicated in the
table, the vestibular stimuli associated with each
test were adequate to provoke M ITA (M III, for
the dial test) in all subjects except RO and DI
with eyes covered, and RO with eyes open during
the bithermal irrigation test.

Intratest Subject Differences

All tests yielded a wide range of scores in-
dicating that susceptibility varied considerably
among the subjects. For example, susceptibility
as measured by the angular acceleration test
ranged from 41 seconds at 30 rpm to 1080 seconds
at 60 rpm. All of the subjects tested at 30 rpm

ranked below those tested at 60 rpm, since the
effective stimulus ratio as indicated by the dual
test results of two subjects (table 2) greatly
exceeded the 2:1 ratio based upon chair
velocities.

In the bithermal irrigation tests, subject RO
experienced only mild symptoms with 6 minutes
of irrigation, whereas subject SY developed
M IIA after only 26 seconds of irrigation; the
rapid development and continuation in the build-
up of his symptoms after M ITA was reached and
irrigation stopped required several trials each on
a separate day in which the duration of irrigation
was progressively reduced in order to determine
this threshold. The substantial lag between the
caloric stimulus and the manifestation of symp-
toms was also revealed but to a lesser extent in
the other subjects. As a result, the endpoint
could not always be properly controlled and often
exceeded the M ITA level, sometimes reaching
severe malaise (M III). For this reason, the test
protocol has been changed for future studies to
include pauses in the irrigation throughout the
test.

Susceptibility to Coriolis forces generated by
active head movements in a rotating chair
covered a wide range from what could be de-
scribed as high (CSSI=1.9) to moderate (CSSI
=24.0). This gross classification on an arbitrary
scale of 0 to 100 is based upon data of a previous
study (ref. 13) (fig. 3) which revealed marked
skewness toward the high score (low susceplti-
bility) end of the frequency distribution of Coriolis
sickness susceptibility among 250 subjects.
This graphic representation, the first to be ex-
pressed quantitatively on a single scale of values,
indicates that the distribution of motion-sickness
susceptibility is not Gaussian as has been sug-
gested (ref. 24).

Under the dial test conditions, development of
M III was well distributed throughout the range of
scores from 20 head movements at 7.5 rpm (sub-
ject SY) to 40 head movements at 20 rpm (subjects
JE, DA).

Susceptibility to simple rotation around an off-
vertical axis varied about tenfold in terms of dura-
tion of exposure and terminal velocity level; viz,
from 325 seconds, 2.5 rpm (subject JE) to 3720
seconds, 25 rpm (subject DA).
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FIGURE 3.—Distribution of Coriolis sickness susceptibility
index (CSSI) among 250 normal subjects.

Intertest Subject Differences
In addition to intratest individual differences,
certain subjects did not always maintain their rank
Since
the test sequence varied among subjects and

order among the several test conditions,

each test was administered only once, no im-
portance can be attached to small intraindividual
differences in scores or rank order. However,
some differences are so substantial that it must
be considered that susceptibility may vary as a
function of the type of vestibular stimulus and
this variance in turn may be highly individualistic.
For example, subject JE, who revealed high sus-
ceptibility to angular acceleration and off-vertical
rotation. was relatively unsusceptible to Coriolis

forces encountered in the slow rotation room
The most ap-
conditions of

as well as in the rotating chair.
parent
these two types of tests was the active or passive
movements of the head in space which in this
individual could have been the significant
factor. Another example, subject RO, the least
susceptible to bithermal bilabyrinthine caloriza-
tion, ranked second in susceptibility to off-vertical
rotation.

difference between the

As a general rule, however, susceptibility to
the various provocative tests followed a more or
less regular order. The extent of this orderli-
ness is expressed in the correlations among sus-
ceptibility rankings for the six provocative test
conditions as presented in table 5. All correla-
tions were positive in sign and substantial in
amount; the highest (p=0.93) was found between
Coriolis susceptibility as measured by the rotating
chair and the rotating room methods.  This find-
ing can be explained by the fact that the Coriolis
forces used as the stimulus in these two situations
were quite similar. Differences in the two pro-
cedures which were principally vision versus no
vision, on-axis versus off-axis rotation evidently
did not differentially affect the subjects’ relative
susceptibility. The high correlation indicates
that the standardized rotating chair test (ref. 13)
can be used as a valid substitute for the dial test
when a centrifuge is not available. Furthermore,
the data collected with the dial test (refs. 14 and
25) can serve as background for the new test.

The next highest correlation (0.75) existed be-
tween susceptibility as measured by bithermal

TABLE 5.— Correlations Among Susceptibility as Ranked by Several Tests of Motion Sickness

Upricht angula Toricl “rieh Upright Upright Tiltet:]
i | Lihermal bitpermal constant constant | off-vertical
without head irrigation, irrigation, on-axis rotation off-axis rotation rotation,
movements, eyes closed, eyes open, with active head | with active h(fad passive head
eyes clgswl no movement no movement Ty(’):se:;g's‘;i’ n:;‘e??];’;:’ ?;::]:Tl:;:;fl’
(AAS) (BIS E/C) BISE/O) | (CAS, chair) | (CAS, SRR (OVR)
AAS 0.60 0.57 0.71 0.56 0.75
BISE/C........ 31 .32
BISE/O....... 74 .19
CAS, chair....... .93 .55
CAS,SRR........ B DR .35
OVR ool
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irrigation (eyes open) and that measured with
Coriolis force environments of the dial and rotary
chair tests. Correlations between each of the
Coriolis acceleration tests and the bithermal irri-
gation test dropped markedly (p=0.31 and 0.33)
when the eyes were covered during irrigations,
reflecting to a great extent the rank order differ-
ence of subject JA as already described.

An equally high correlation was found between
angular acceleration and off-vertical rotation sus-
ceptibility measurements, while the latter corre-
lated the least (0.19) with the bithermal irrigation
test (eyes open) data. One significant differ-
ence which exists among these tests and bither-
mal irrigation tests probably lies in the presence
or absence of motion which is also perceived by
nonlabyrinthine receptors, a secondary factor in
motion sickness. This might also explain the
finding of only moderate (0.57 and 0.60) correla-
tions between the two “‘pure” tests of suscepti-
bility to semicircular canal stimulation. It must
also be considered that the calorization technique
stimulated mainly the vertical, whereas the angu-
lar acceleration stimulated mainly the lateral
canals which may have had a differential in-
fluence upon susceptibility. The moderately
high correlation between the eyes covered and
uncovered conditions of the bithermal irriga-
tion test indicates that visual cues generally had
no appreciable effect upon the susceptibility of
most subjects, but there were exceptions. A
greater effect from irrigation was found with
vision for subject JA and without for subjects JE
and DI. Subject DI who experienced only mild
dizziness during the 6 minutes of irrigation when
he observed the laboratory environment, on the
other hand, spontaneously noted and complained
of the great increase in sensations and symptoms
without vision, and he developed M IIA after 207
seconds. Subject JA, who ranked fifth in sus-
ceptibility with visual stimuli present, sustained
greater than twice the duration of irrigation and
ranked ninth without this influence. These
results suggest that visual stimuli may in certain
individuals tend either to suppress (ref. 15) or
facilitate the effects of vestibular activity and indi-
cate the complexity and variability in processing
multiple sensory inputs. Since the subject’s head
was rigidly fixed in these studies, vision would ap-

pear to be a secondary but significant factor in
motion sickness whose influence goes consider-
ably beyond any aid it may provide for immobili-
zation of the head in situations in which it is not
restrained (ref. 26).

The substantial correlations found among all
the various provocative tests of this study indicate
that generally individuals possess an overall sus-
ceptibility to motion sickness which is relatively
independent of the type of motion. However, it is
well known and shown in this study that suscepti-
bility measured in one motion environment may
not always be a valid predictor of susceptibility in
another (refs. 14 and 25). Other factors, includ-
ing otolithic contributions which have been dra-
matically demonstrated when the normal gload
is counteracted (ref. 11), may markedly influence
susceptibility.

The general agreement, but occasional wide
discrepancy, between susceptibility to different
motion environments is exemplified in the results
shown in figure 4 which were obtained from a
larger population tested by the Coriolis (rotary
chair) and the off-vertical rotation methods.
These two sets of data collected on 35 of 66 nor-
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FICURE 4. —Scattergram of 35 normal subjects showing the
relationship between motion-sickness-susceptibility test by
the Coriolis (rotury chair) and off-vertical rotation tests.
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mal subjects, described in the preceding study
(this symposium, Graybiel and Miller), correlate
highly and at a level comparable to that reported
for the smaller group of subjects of this study
(table 5). Most cases fall at or near the regres-
sion line but there are notable exceptions, par-
ticularly those individuals denoted by letters A,
B, and C in figure 4. In this small percentage of
subjects, the factor of active or passive movement
of the vestibular organs might have been in-
fluential, but the relative amounts of stimulation
of the canals and otoliths in the two test situa-
tions must also be considered.  In most cases,
however, the two methods of measuring suscep-
tibility yield quite similar results.

Symptomatology

The subjects” M ITA symptomatological pattern-
ing found for the angular acceleration, Coriolis
acceleration, the two bithermal irrigations, and
off-vertical rotation conditions is summarized in
figure 5. The patterning among these tests was
similar with respect to frequency of incidence and
grouping of symptoms, but some significant
differences were revealed. Pallor and epigastric
awareness or discomfort were the most significant
symptoms for all provocative tests. Headache
I1, 111, and nausea I were manifested infrequently
at this endpoint level. Drowsiness I occurred most
frequently (3 of the 10 subjects) during off-vertical
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FIGURE 5. — Frequency of specific
manifested for each test condition.

symptoms

rotation. Increased subjective warmth was ex-
perienced more frequently in the Coriolis test
which required active head and body movements
and thereby may have contributed to the mani-
festation of this symptom; this test provoked in-
creased salivation in only one subject. Cold
sweating was conspicuously absent in the off-
vertical rotation and the angular acceleration
tests which, on the other hand, featured increased
salivation. Caloric irrigation elicited moderate
to severe dizziness in about one-half the subjects.
The similarities among the group’s symptom-
atological patterns would be an indication that
similar physiological mechanisms were involved.
Comparison of symptomatology manifested by
the group of 35 subjects during passive off-vertical
rotation and active head movements with vertical
rotation revealed that with the exception of the
difference in subjective warmth, again influenced
by exercise, no distinct differences were found
(hg. 6).

With respect to rate of buildup of symptoms,
there was a clear-cut difference between the
off-vertical rotation and the Coriolis acceleration
test which probably stems from a procedural
difference. When the standardized test of
susceptibility for Coriolis acceleration is properly
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FIGURE 6. —Comparison of frequency of specific diagnostic
symptoms manifested during off-vertical (10°) and vertical
(with active head movements) rotations.
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conducted, symptoms slowly appear and increase
in intensity from M I up to the endpoint (fig. 7);
whereas, in the case of off-vertical rotation they
can appear suddenly and wax rapidly, passing
through several malaise levels within several
seconds’ time (fig. 6, preceding paper this
symposium, Graybiel and Miller). Much greater
care and closer observation are therefore re-
quired in administering this test in order to avoid
overshooting the selected malaise criterion. It
is probable that exposure to longer durations at a
velocity below the terminal one would be suf-
ficiently provocative yet yield a slower symptom
buildup pattern.

Among 250 subjects of a previous study (ref.
13), nausea 1, epigastric discomfort, or epigastric
awareness was the predominant feature of severe
malaise (M III). However, a significant propor-
tion of this test population (9.6 percent) failed to
manifest even the mildest form of this syndrome
at this malaise level. This finding is not in aline-
ment with the classical viewpoint which, for the
most part, equates motion sickness with a gastro-
intestinal reaction marked by nausea or vomiting,
symptoms which have represented the endpoint
in the vast majority of studies dealing with this
topic and are still regarded by some investigators
as the only ones having reliability (ref. 24).
If M IIT as diagnosed by a nonnausea symptom
complex is equivalent, in terms of the subject’s
well-being, his psychomotor efficiency, or some
other indicator, to that involving the nausea
syndrome, then the restricted “nausea syndrome”
criterion of motion sickness must be reevaluated.
In many of the cases in which the endpoint was
reached without the nausea syndrome, the
symptoms were for the most part effectively
localized in the head region; e.g., moderate or
severe levels of drowsiness to the point of being
unable to follow instructions, headache, facial
pallor, severe dizziness, and increased salivation.
It is possible if not probable that if the motion
stress had been continued, the nausea syndrome
would have eventually appeared in most of these
subjects. In any case it is questionable that the
manifestation of the nausea syndrome is required
for predicting susceptibility to frank motion
sickness. As described in the methods section,
the average relative stimulus effect of a single
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FIGURE 7.— FVariations among six selected cases (subjects A
through F) in the buildup rate of Coriolis-sickness symptoms.

head movement in the Coriolis acceleration
(rotary chair) test could be expressed by the
factor E, which directly related in logarithmic
terms to chair velocity (table 4). It appears,
therefore, when vestibular stressor conditions
are appropriate, each head movement may act
to release autonomic effects on an incremental
and accumulative basis through a neural or
humoral mechanism. The latter is suggested
in the report of Wang and Chinn that insertion
of plastic barriers in the fourth ventricle of several
dogs removed their susceptibility even though
their emetic thresholds to apomorphine were not
raised (ref. 27). In any case the rate of release
seems dependent on the stressor ‘‘step-size”
taken with each head movement at a specific
chair velocity. Six cases from a 250-subject
group (A, B, C, D, E, F, fig. 7) illustrate the
different rates in the buildup of symptoms. The
ideal pattern of response is illustrated by cases
D and E. As arule, when a subject experienced
M ITA and M III with only a few head movements
(cases A, B, C) it was found extremely difficult
if not impossible at times to prevent a sky-
rocketing of his symptoms up to the level of frank
sickness (FS) as illustrated by cases A and B.
These two cases show the typica] response when
the rpm is too high relative to their susceptibility
level. If, on the other hand, the rpm selected
is too low for the individual, head movements
can be continued beyond a practical number



SEMICIRCULAR CANALS AS A FACTOR IN MOTION SICKNESS

without any apparent effect, such as in case F
in figure 7. In another case, not represented
in the figure, in which the subject was rotated
below his critical rpm value, 900 head movements
were executed without provoking any increase
in symptoms beyond that found in the initial head
In fact, there was a lessening and

movements.
disappearance of his symptoms as the test
progressed. However, when each of these

subjects was retested at a properly adjusted rpm,
the “normal” pattern of response (such as cases
D and E) resulted.

In these studies the intensity and duration of
the vestibular stimulus were individually con-
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trolled so as to provide an equivalent stressor
stimulus in terms of the response of each subject
under each test condition as diagnosed by specific
criteria (ref. 19). The physical dimensions of
the stimulus therefore varied with the individual
but in most cases they were small, approaching
what commonly is regarded as physiological
proportions, yet they proved highly effective in
provoking motion sickness. As expressed by
Lansberg (ref. 28), the opinion advanced by
certain investigators (refs. 29 to 32) that motion
sickness is simply the result of overstimulation
of the otolith organs is untenable.
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